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Fo rew o rd

The purpose o f this dissertation was to assist development o f genetic
improvement in oysters. This work involved not only development o f gene transfer
technology in oysters, but also production o f larvae in the laboratory, holding o f
broodstock oysters, and improvement o f cell culture techniques, all o f which are
important to a successful research program. The chapters were organized in order from
research in cell culture, to husbandry techniques for whole oysters and larvae, and finally
through gene transfer to oyster gametes, embryos, and adults.
This dissertation contains the first report o f gene transfer in eastern oysters.
Several other “firsts” were achieved in this dissertation. The first quantitative
examination of attachment factors for bivalve cell in culture is reported in Chapter 2. The
first report o f gonadal maturation of oysters in a recirculating system is found in Chapter
4. The first detection o f gene transfer to bivalve larvae by sperm electroporation is found
in Chapter 5. The first detection o f green fluorescent protein expression in molluscs is
found in Chapters 5, 6, and 7. The first transfer o f genes with polyamidoamine
dendrimers (SuperFect™) to mollusc embryos can be found in Chapter 6, in fact this is
the first report o f the use o f polyamidoamine dendrimers for gene transfer in any
organism. The first documentation o f antibiotic resistance after gene transfer in any
aquatic species is found in Chapter 6. The first gene transfer to adult molluscs, or any
commercially important shellfish species, is found in Chapter 7.
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A bst r a c t

The eastern oyster, Crassostrea virginica, supports a valuable industry in the
United States and Louisiana. In recent years this industry has been plagued by diseases,
creating interest in the use o f gene transfer to produce oysters capable o f e lim inating
pathogens. The goal o f this work was to develop techniques for laboratory research o f
eastern oysters, and for transfer o f genes to oyster gametes, larvae, and adults.
Cell culture provides an effective alternative to work in whole an im als. Cell
attachment and spreading on various culture substrates was improved, and poly-D-lysine
was identified as a superior substrate. Toxicity o f the antibiotic G418 to oyster cells was
determined for use as a selective agent, and techniques for gene transfer in cells were
identified.
Adult oysters were conditioned for spawning in a recirculating system, although
declines in physiological condition were noted. Electroporation of oyster sperm did not
affect larval production, but did allow transfer o f the gene for red-shifted green
fluorescent protein (rsGFP). Larvae expressing rsGFP were observed with fluorescent
microscopy and presence o f the gene was verified by the polymerase chain reaction
(PCR).
Transgenic oyster larvae were also produced by electroporation and chemically
mediated transfection (with SuperFect™; Qiagen Inc.) o f embryos. Transfer o f the
aminoglycoside phosphotransferase II gene (neor) by both methods resulted in increased
larval survival by conferring resistance to G418. Larvae expressing rsGFP were
observed with fluorescent microscopy, and presence o f the gene was verified by PCR.
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Transgenic oyster adults were produced by injection o f rsGFP or the cecropin B
gene complexed with SuperFect™ into the adductor muscle sinus. Presence of the gene
in DNA o f treated oysters was verified by PCR after 4 d (87%) and 10 d (96%).
Significant differences in green fluorescence were detected by flow cytometry in
hemocytes after 4 d, but not after 10 d, and hemocytes expressing rsGFP were observed
with fluorescent microscopy.
These studies unproved culture conditions and gene transfer in oyster cells,
improved maintenance o f oysters in the laboratory, and documented gene transfer and
gene expression in oyster gametes, larvae, and adults. This is the first report of gene
transfer in the eastern oyster.
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C h a pter 1
In tr o d u c tio n

The eastern oyster, Crassostrea virginica, is a commercially valuable bivalve
native to estuarine habitats along the western Atlantic from the Maritime Provinces in
Canada through the G ulf o f Mexico to Brazil. Adults spawn in the northern Gulf of
Mexico from late March through October by releasing gametes into the water. Individual
females can release millions o f eggs at each spawning. Eggs are ~ 45 pm in diameter.
After external fertilization, embryos develop from a non-feeding trochophore larvae (~45
pm), through planktonic veliger stages, to pediveligers (-250 pm) which cement to hard
benthic surfaces and metamorphose into spat. Spat grow into adult oysters and can reach
a marketable size and be reproductively active within one year.
The eastern oyster supports an important national fishery. The United States
leads all countries in oyster production, and over 80% o f all oysters harvested in the
United States are eastern oysters (Lorio and Malone 1994), with a value added economic
contribution measured in the hundreds of millions o f dollars annually (NMFS 1999).
This industry can be important to local economies (Pausina 1988). In Louisiana, market
sized oysters are harvested throughout the year, although meat yields decline during the
summer spawning months. Over 120,000 hectacres o f Louisiana bottom area are
privately leased for oyster production (Keithly et aL 1993). Almost 6 million metric tons
of meats were harvested in Louisiana in 1997, with a gross farm value o f about $52
million (Louisiana Cooperative Extension Service 1998). Important fisheries exist in
other states as well (MacKenzie 1996). However, while prices have increased for other
seafood products (NMFS 1999), oyster prices have remained stable and production per
acre has been declining (MacKenzie 1996). Major problems in the industry include
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overharvest, pollution, loss o f habitat, disease, and public perception concerning the
health risks o f consumption. Disease problems have been particularly damaging in recent
years. The protozoan parasites Perkmsus marinus (which causes Dermo disease) and
Haplosporidium nelsoni (which causes MSX disease) have caused epizootics along the
Atlantic Coast o f the United States, and together have been responsible for the final
collapse o f the oyster fishery in Chesapeake Bay (Mann et a l 1991, Paynter 1996).
Dermo is a problem along the Gulf Coast with periodic epizootics reported (Ford and
Tripp 1996). It is estimated that the annual mortality o f G ulf Coast oysters from Dermo
infection is greater than 50% (Craig et al. 1989). The use o f hatcheries to supplement
natural populations is common in the culture of bivalves. In these situations, bacterial
contamination o f larval cultures can result in severe mortality and loss of cultures
(Tubiash 1975, Elston 1984), especially from contamination by Vibrio bacteria (Brown
and Losee 1978, Ford and Tripp 1996). Juvenile oyster disease is capable of inflicting
high mortalities in eastern oysters in hatchery situations (Davis and Barber 1994, Ford
and Tripp 1996). The transfer o f human pathogens (such as Vibrio vulnificus) from
oysters to human consumers has become a serious concern for the industry as well
(Jackson et al. 1997). Clearly, there is a need for research in disease resistance and
microbial elimination in oysters.
As with any commercially exploited organism, there is a desire to address
problems in the industry, increase yield, and improve profits. Several avenues are
available in the pursuit o f such goals, from setting up extension programs, research on
basic biology, research in husbandry techniques, and improvement through genetics.
Likewise, there are several tools available for the genetic improvement o f organisms.
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These include chromosome set manipulation, sex control and reversal, hybridization,
selective breeding, and gene transfer.
Gene transfer, or transgenics, is a relatively new approach to genetic
improvement. This technique can yield rapid results in applied settings. There are
obvious applications for this research in the oyster industry, primarily in combating
disease problems and to address public health concerns associated with V. vulnificus and
other microbes. Moreover, gene transfer techniques can be used to examine more basic
questions, such as research on the function o f the oyster immune system.
There are several techniques used for introduction o f foreign genes in animals.
These include microinjection ofDNA into eggs or embryos (Chan 1999), electroporation
(Potter 1988), lipofection and other forms o f chemically mediated transfection (Feigner
1987, Tang et al. 1996), biolistics (Cadoret et al. 1996a), and virally mediated
transfection (Chan 1999). Gene transfer was first demonstrated in rabbit embryos using
an exogenous viral vector (Brackett et a l 1971) and germline transmission was first
documented after viral transfection in mice (Jaenisch 1976). Pronuclear microinjection
ofDNA was first used to create transgenic mice from cloned DNA (Gordon et a l 1980).
Soon after, the introduction of cloned DNA to the germ line was reported (Costantini and
Lacy 1981), and a phenotypic response to a cloned gene (increased growth) was
documented in the mouse (Palmiter et aL 1982). Production o f transgenic amphibians
(Bendig 1981), Drosophila (Rubin and Spradlmg 1982), and food animals (Hammer et al.
1985) soon followed. The first report o f gene transfer in aquatic species was in goldfish,
Carrius auratus, (Zhu et al. 1985), and most research on gene transfer in aquatic species
since has taken place in finfish (Mailhe et al. 1995, Sin 1997). There are only reports o f
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gene transfer in two species o f bivalve: the Pacific oyster, Crassostrea gigas, and the
dwarf surf clam, Mulinia lateralis. In the Pacific oyster, luciferase production was
detected after in vitro transfection o f primary cell culture (Boulo et al. 1996). Further
work resulted in the production o f larvae expressing luciferase after particle
bombardment ofDNA into embryos (Cadoret et al. 1997a), and production o f transgenic
larvae expressing p-galactosidase after microinjection ofDNA into fertilized eggs
(Cadoret et al. 1997b). In the dwarf surf clam, virally mediated transfection of fertilized
eggs led to the observation o f p-galactosidase expression in larvae (Lu et aL 1996).
These larvae were reared to produce transgenic adults, and inheritance of the transgene
was documented.
The purpose o f this dissertation was to assist development o f genetic
improvement in oysters. The goal of this work was to develop a program for gene
transfer research in oysters. The results presented in this document contributed to this
goal, including improvement o f cell culture techniques, development of techniques for
holding broodstock oysters and producing larvae in the laboratory, and development o f
techniques for gene transfer to oyster gametes, embryos, and adults. Specifically, the
objectives for this dissertation were to: 1) improve techniques for oyster primary cell
culture by improving cell attachment and spreading; 2) develop techniques for gene
transfer and selection of transfected oyster primary cells; 3) develop techniques for
holding and spawning o f oysters in recirculating systems; 4) develop techniques for
working with oyster larvae in the laboratory and demonstrate gene transfer through
transfection of sperm; S) demonstrate gene transfer, expression, and selection of oyster
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larvae after transfection o f embryos; 6) demonstrate gene transfer and expression in adult
oysters after transfection of adults by injection.
Cell culture is a useful research tool (Freshney 1994) and Chapter 2, “Improved
Attachment and Spreading in Primary Cell Cultures o f the Eastern Oyster,” and Chapter
3, uIn Vitro Transfection o f Primary Cells o f the Eastern Oyster,” address the
improvement o f this tool for eastern oysters. For gene transfer research, cell lines would
provide a valuable tool for screening o f promoters and gene function in a controlled
environment. Unfortunately, bivalve cell lines do not exist, and although short-term
primary culture o f bivalve cells is possible (Perkins and Menzel 1964, Odinstava and
Khomenko 1991), existing techniques require improvement. Cell detachment and lysis
have been noted as problems in bivalve primary cell culture (Hetrick et aL 1981, Miahle
et al. 1988), and attachment and spreading o f cells in culture can increase cell function,
metabolism, and gene expression (Folkman and Moscona 1978, Ben-Ze’ev et aL 1980,
Odinstava et al. 1994). Chapter 2 addresses these problems by identifying substrates to
improve cell attachment and spreading. Chapter 3 addresses techniques that will be
necessary for the transfection and selection o f oyster primary cell cultures.
Improvements in the cell culture environment were necessary. This will allow
development o f protocols for the transfection o f oyster cells in culture, and for use in
research.
Development of techniques for handling o f oysters in the laboratory was
necessary before research on gene transfer could begin. Chapter 4, “Conditioning o f
Eastern Oysters in a Closed Recirculating System,” and Chapter 5, “Laboratory-scale
Gamete Manipulation of Eastern Oysters forTransgenic Research,” cover work in this
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area. Techniques for artificial propagation o f bivalve larvae have been reported
(Losanoff and Davis 1964), and hatchery manuals have been published for oyster
production (Breese and Malouf 1975, Dupuy et al. 1977). However, work in the
laboratory, especially far from the coast, is more complicated than work in a coastal
hatchery. Laboratory requirements for experimental replication, avoidance of
contamination, and small-scale larval culture required modified techniques. Additionally,
with research on any genetically modified organism, there is concern for the
unintentional release to natural environments. Therefore, this research was performed
over 100 km from the nearest suitable habitat for oysters, and all work was performed in
a laboratory with restricted access. Because o f the distance from the coast (and natural
water, food, and broodstock oysters), the development of techniques for conditioning and
holding of broodstock and the production and culture of oyster larvae in recirculating
artificial seawater systems was necessary. Chapters 4 and 5 address these problems with
the ultimate goal o f complete containment o f the oyster life cycle in the laboratory.
Results for gene transfer are reported in Chapter 5, “Laboratory-scale Gamete
Manipulation o f Eastern Oysters forTransgenic Research,” Chapter 6, “Transfection of
Eastern Oyster Embryos,” and Chapter 7, “In Vivo Transfection o f Adult Eastern
Oysters.” The potential utility of gene transfer in shellfish has been documented (Miahle
et aL 1995) and the development of techniques for the transfection o f oyster gametes,
embryos, and adults were major objectives o f this dissertation. In Chapter 5, the transfer
o f genes to oyster sperm by use of electroporation was covered. Chapter 6 addressed the
transfection o f oyster embryos by electroporation and chemically mediated transfection.
The transfection o f adult oysters by injection ofDNA was covered in Chapter 7. The
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work presented in this document will contribute to research on gene transfer in eastern
oysters. With the development o f these techniques, research on applied projects, such as
increased disease resistance, will be possible.
The appendices o f this dissertation contain detailed information concerning the
techniques and genes used. Also included are guidelines and protocols for working with
transgenic organisms, as well as information bn previously published material. It should
be noted that Chapter 2, “Improved Attachment and Spreading in Primary Cell Cultures
o f the Eastern Oyster,” has been accepted for publication in the Journal o f In Vitro
Cellular and Developmental Biology (Buchanan et aL 1999). Also, Chapter 4,
“Conditioning o f Eastern Oysters in a Closed, Recirculating System,” has been published
in the Journal o f Shellfish Research (Buchanan et aL 1998). Both chapters have been
modified to conform to dissertation format and style. For consistency, all chapters have
been formatted identically, with the CBE Style Manual (Council of Biology Editors 1994)
consulted for format details.
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C h atter 2
I m pr o v e d A tta c h m en t a n d S pr e a d in g in P r im a r y C e l l C u ltures o f t h e
E a st e r n O y ste r *
I n tr o d u c tio n

Although techniques for primary cell culture o f bivalve tissues have been
developed (Perkins and Menzel 1964; Odinstava and Khomenko 1991), attempts to
produce a bivalve cell line have been unsuccessful (Hetrick et a l 1981; Ellis and Bishop
1989). Within the mollusca, the only established cell line is from the freshwater snail,
Biomphalaria glabrata (Hansen 1976). The importance o f cell lines has long been
recognized in in vitro studies (Freshney 1994). The development of a bivalve cell line
would provide an invaluable tool for research in areas such as pathobiology, cytogenetics
and gene transfer.
Improving cell attachment and spreading in primary cell culture would be o f
benefit in the eventual development o f a bivalve cell line. Cell detachment and lysis have
been noted as problems in the long-term primary culture o f bivalve cells (Hetrick et al.
1981; Miahle et al. 1988; Chen et aL 1989). Attachment and spreading are known to play
important roles in cellular functions such as differentiation, migration, proliferation, and
gene expression, as well as in maintaining cell viability (Ben-Ze’ev et aL 1980; Guan and
Chen 1996). Several attachment factors have been isolated from bivalve cells (Suzuki et
al. 1991; Panara et al. 1996), and some studies have addressed improved attachment in
bivalve primary cell cultures (Table 2-1). However, these studies did not quantitatively
assay improvement in cell attachment and spreading. An objective method to quantify
attachment and spreading was used in this study.
^Reprinted with permission from In Vitro Cellular and Developmental Biology (see Appendix F)
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Table 2-1. Reports on utility o f attachment factors in bivalve cell culture.
Scientific lin e

Common name

Cell soarcc

Beneficial anbstratea

Non-bcneficial substrates

Assay for utility of factors*

Reference

Mytilus edulis

Blue mussel

Digestive gland,

Polylysines (137,190 kD),

Polylysines (24,100 kD),

Viability with fluorescein

Odinstava etal. 1994

mantle, male gonad,

collagen III, fibronectin,

histone HI and protamine

diacetate and ethidium

larvae

fetal calf serum, adhesive

like protein from M. edulis

bromide, (ll’juridine assay
for RNA production

protein from M. edulis
Mizuhopecten
yessoensls

Japanese scallop

Larvae

Collagen (type not reported)

None reported

Subjective criteria

Odinstava and
Khomenko 1991

Paltnopeclen yessoeruls

Crassostrea glgas

Scallop

Pacific oyster

Digestive gland,

Poly-Lysines(l37,190 kD),

Polylysincs (24,100 kD),

Viability with fluorescein

mantle, male gonad,

collagen III, adhesive

fibronectin, fetal calf serum,

diacetate and ethidium

larvae

protein from M edulis

histone HI and protamine

bromide, [H'juridine assay

like protein from M. edulis

for RNA production

Collagen (type not reported),

Subjective criteria

Takeuchi el al. 1994

Larvae

None reported

Odinstava et al. 1994

fibronectin, gelatin,
Pri maria™ (Falcon®) plates
Crassostrea glgas

Pacific oyster

Ventricle

Poly-D-lysinc

None reported

Subjective criteria

LeDeuffctal. 1994

Crassostrea virginica

Eastern oyster

Larvae

Pri maria™ (Falcon®) plates

None reported

Subjective criteria

Ellis and Bishop 1989

Crassostrea virginica

Eastern oyster

Heart, mantle, gonad,

None reported

Poly-D-lysine

Subjective criteria

Hetrick etal. 1981

muscle, labial palp,
pericardial membrane

Table continued
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Scientific name

Common name

Cell source

Beneficial substrates

Non-bcneficial substrates

Assay for utility of factors*

Reference

Crassostrea virginica

Eastern oyster

Embryo

Fibronectin

Collagen III

Subjective criteria

Hetrich et al. 1981

Oslrea edulis

Edible oyster

Whole heart

Poly-D-lysine

None reported

Subjectivo criteria

Renault et al. 1995

Mercenaria mercinaria

Northern quahog

Larvae

Pri maria™ (Falcon®) plates

None reported

Subjective criteria

Ellis and Bishop 1989

Mayaarenarta

Softshell

Hemocytes

None reported

Poly-D-lysine

Subjective criteria

Hetrich etal. 1981

Mayaarenaria

So ftshell

Ventricle

Primaria™ (Falcon®) plates

None reported

Subjective criteria

Kleinschuster el al. 1996

* Subjective criteria include general observations (such as observations on cell health, culture longevity, noticeable differences in cell spreading) on utility o f attachment factors with no attempts at
quantification.

The goal o f this work was to improve attachment and spreading in oyster primary
cell culture. To this end, oyster ventricle cells were tested with the attachment factors,
collagen I, collagen IV, fibronectin, laminm, poly-D-lysine, and two types o f uncoated
tissue culture plates to investigate: I) effects on cell viability; 2) improvement of cell
attachment, and 3) improvement o f cell spreading. This is the first quantitative report on
improvement o f attachment and spreading in bivalve primary cell culture.
M a t e r ia ls a n d M e th o d s
Cells

and

C ell Culture.

Eastern oysters were collected from coastal Louisiana and were held at least 5 d in
filtered artificial sea water (ASW) (Fritz Super Salt, Fritz Industries Inc., Dallas, TX)
before use. The osmolality o f all solutions, including ASW and medium, was measured
with a vapor pressure osmometer (Model 5500, Wescor Inc., Logan, UT) and maintained
at 425 mOsmol/kg. Ventricles were removed and decontaminated with two 30 min
incubations for 1 h in an antibiotic solution consisting o f 100 mg/L penicillin G, 100
mg/L streptomycin, 100 mg/L gentamicin, 200 mg/L kanamycin, 100 mg/L neomycin,
100 mg/L polymyxin B, 200 mg/L erythromycin, and 2.8 mg/L amphotericin B dissolved
in sterile ASW. Primary cell cultures were obtained by dissociation o f ventricles in a
saline solution (0.635 g/L CaCl2-2H20 , 1.46 g/L MgSO«, 2.18 g/L MgCl2-6H20 , 0.310
g/L KC1, 11.61 g/L NaCI, and 0.35 mg/L NaHC03) containing 0.1 mg/ml Pronase
(CalBiochem, La Jolla, CA). Pronase has proven to be an effective dissociation enzyme
(unpublished data). Cells were washed three times in a rinsing solution (15.00 g/L NaCI,
0.54 g/L KC1, 0.60 g/L NaHC03,0.50 g/L glucose, 0.10 g/L galactose, 0.10 g/L
trehalose) and resuspended in the culture medium JL-ODRP-4 (Appendix D). This
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medium was chemically defined, and thus allowed for examination o f attachment and
spreading without interaction from unknown medium components (i.e., fetal bovine
serum). All cells were cultured in a humid chamber at 25°C.
Su b st r a t e E v a l u a t io n .

Seven types o f substrates were tested in these experiments. Commercially
available 24-well plates (Falcon Biocoat™, Becton Dickinson, Bedford, MA) were
purchased precoated with the following attachment factors: collagen I, collagen IV,
fibronectin, lammin, and poly-D-lysine. Also used were uncoated 24-well plates from
Falcon® (Becton Dickenson, Bedford, MA) and Coming® (Coming Inc., Coming, NY).
All plates were made o f polystyrene and were tissue-culture treated (treated to reduce the
negative charges associated with polystyrene).
E s t im a t io n

of

C ell N

um ber.

Cell number was estimated using the Cell Titer 96™ AQumus Cell Proliferation
Assay (Amersham Pharmacia Biotech, Piscataway, NJ), modified for use with 24-well
plates. This kit contained the tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), and an electroncoupling agent, phenazine metho sulfate (PMS). In solution with metabolically active
(viable) cells, MTS (in the presence o f PMS) is reduced to a soluble formazan dye by
mitochondrial dehydrogenases. The amount of reduction of MTS can be measured as an
increase in absorbance at a wavelength o f490 nm. A relationship between cell number
and total metabolic activity is assumed to estimate cell number. This technique will be
referred to as an MTS assay throughout this report Other studies have used a similar
technique to estimate cell number (Berg et aL 1994; Buttke et al. 1993). In this study,
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MTS assays were performed on cells in 500-pl volumes o f medium in 24-well plates with
MTS at 333 pg/ml final concentration and PMS at 25 pM final concentration. After a 6h incubation, a 300-pi sample was transferred from each well to a 96-well assay plate
(Coming Inc., Coming, NY). Absorbance o f each well was measured with a microtiter
plate reader (Dynatech, Chantilly, VA) at 490 nm.
The validity and sensitivity o f this technique was demonstrated by preparing
serial dilutions o f ventricle cells in 500-pi volumes in 24-well plates, and assaying these
cells with the MTS assay. Also, interaction o f the assay with substrates was tested in
500-pi of medium (without cells) in wells coated with substrates used in this study.
C ell V ia b il it y A s s a y .

Eight wells o f each substrate were seeded with lxlO6 cells in 500 pi o f medium,
and the effect on cell viability was assayed at 24 h and 5 d. An MTS assay was
performed to examine any change in total cell number after incubation with each
substrate. Wells without cells were prepared with medium, MTS, and PMS to serve as
blanks. After 5 d, the remaining 4 wells were assayed identically to the initial sample.
This experiment was repeated three times.
Cell A t t a c h m en t A ssa y .

Eight wells o f each substrate were seeded with 1 x 106 cells in 500 pi o f medium,
and effects on cell attachment assayed at 24 h and 5 d. After 24 hr, 4 wells o f each plate
were washed and assayed for cell attachment. Each well was washed three times with
500 pi o f medium, and 500 pi o f fresh medium was added to the attached cells remaining
in the well. These cells were examined for cell spreading (see below). The cells and
medium washed from the wells were centrifuged at 200xg for 10 min, and the
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supernatant was removed. The cells were resuspended in 500 pi o f fresh medium and
transferred to a new 24-well plate. An MTS assay was performed to estimate the number
o f cells remaining attached in a well and the number o f cells washed from a w ell Wells
without cells were prepared with medium, MTS, and PMS to serve as blanks. After 5 d,
the remaining 4 wells were assayed identically to the 24 h sample. This experiment was
repeated three times.
C el l S p r e a d in g A s s a y .

Assessment o f the percentage of spreading cells in each well was performed after
washing and before the cell attachment assay. Two hundred cells from each well were
examined at 200X with phase-contrast microscopy. Cells were classified as “spread” or
“not-spread.” Spread cells exhibited flattening and extension o f the cytoplasm. Cells
that were not spread remained spheroid. Representative portions o f each well were
photographed with color slide film (ASA 200). The slides were examined for assessment
of morphological features o f attached cells. All wells examined for cell attachment were
also examined for cell spreading. This experiment was repeated three times.
S t a t is t ic a l

a n a l y s is .

Data were analyzed with the General Linear Models Procedure o f SAS version
6.12 (SAS Inc., Cary, North Carolina). Variability associated with repetition of each
experiment was removed by incorporating each repetition as a block. Separately, the
effect o f plate type on: 1) cell viability; 2) number o f cells remaining attached in a well;
3) number of cells washed from a well, and 4) percentage o f cells spreading in a well
were each tested using one-way analysis o f variance (ANOVA). A Tukey’s studentized
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range test was used to separate means post hoc. A significance level o f P < 0.05 was
used in all statistical analyses.
R e su l t s
E s t im a t io n

of

C ell N

um ber.

The MTS assay provided a linear estimate o f cell number, and had a resolution of
~1 x 105 cells (Fig. 2-1). The assay proved to be objective, reproducible and consistent.
Testing o f all attachment factors with the MTS and PMS reagents revealed no
interactions (data not shown).
C e l l V ia b il it y A s s a y .

Significant effects on cell viability (P < 0.0001) were detected among substrates at 24 h.
Cell number in wells coated w ith poly-D-lysine (mean absorbance at 490 nm: A4 90 =
0.343) was significantly greater than in all other treatments. Cell number in wells coated
with collagen I (A490 = 0.288) was significantly lower than in other treatments. All other
treatments, including the uncoated Falcon9 substrate (A490 = 0.329), were not
significantly different from each other and formed a group between these two values
(Table 2-2).
Significant effects on cell viability {P < 0.0001) were detected among substrates
at 5 d as well. Cell number on die uncoated Coming9 substrate (A490 = 0.384) was
significantly greater than in all other treatments. Cell number in wells coated with polyD-lysine (A490 = 0.349) was significantly lower than all other treatments. The other
treatments formed three statistical groupings between these two values (Table 2-2).
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Figure 2-1. Relationship o f absorbance at 490 ran to number o f eastern oyster ventricle
cells after MTS assay.
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Table 2-2. The effect o f substrate on viability o f eastern oyster cells after 24 h and 5 d.
Absorbance values (mean ± standard deviation) at 490 nm after MTS assay for cell
metabolic activity. Cells were incubated in 24-well plates on the substrates listed.
Higher values indicate greater cell numbers or increased cell metabolic activity. Values
were averaged from three repeated experiments with four replicate wells o f each
treatment within each experiment. Values sharing letters within columns were not
significantly different (P > 0.05).___________________________________________
S u b strate

24 hr

5d

Collagen I

0.288c ± 0.025

0.358“ ±0.030

Collagen IV

0.329b± 0.019

0.375b± 0.015

Fibronectin

0.330b± 0.036

0.367° ±0.031

Laminin

0.328b± 0.029

0.366° ±0.010

Poly-D-lysine

0.344* ±0.034

0.349° ±0.040

Uncoated Coming®

0.323b± 0.025

0.384* ± 0.015

Uncoated Falcon®

0.329b± 0.020

0.367° ±0.036
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Cell A tt a c h m en t A s sa y .

Cell attachment was influenced by attachment factors at 24 h (P < 0.0001).
Significantly more cells remained attached in the presence o f poly-D-lysine (A490 =
0.329) than for all other treatments. Significantly fewer cells remained attached in the
presence of collagen I (A490 —0.082). Cell attachment on the uncoated Falcon® substrate
(A490 = 0.304) was not significantly different from attachment on fibronectin (A490 =

0.288), and lower only than attachment on poly-D-lysine (Fig. 2-2).
The number o f cells washed from a well at 24 h was influenced by substrate (P <
0.0001), and was inversely related to the results for cell attachment at 24 h (Fig. 2-2).
Significantly more cells were washed from wells coated with collagen I (A4 9 0 = 0.234).
Significantly fewer cells were washed from wells coated with poly-D-lysine (A4 9 0 =
0.041). The number o f cells washed from the uncoated Falcon® substrate (A4 9 0 = 0.086)
was not significantly different from the number o f cells washed from fibronectin coated
wells, and fewer cells were washed only from poly-D-lysine coated wells (Fig. 2-2).
Cell attachment was influenced by attachment factors at 5 d (P < 0.0001),
however, cell attachment among treatments was different from the 24 h sample.
Significantly more cells remained attached to the uncoated Coming substrate (A490 0.224) than all other treatments. Significantly fewer cells remained attached in the
presence of collagen I (A490 = 0.131). Cell attachment on the uncoated Falcon® substrate
(A490 = 0.195) was not significantly different from attachment on poly-D-lysine or

Iaminin, and lower only than attachment on the uncoated Coming® substrate (Fig. 2-3).
The number of cells washed from a well at 5 d was influenced by substrate (P <
0.0001), and was inversely related to the results for cell attachment at 5 d (Fig. 2-3).
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Figure 2-2. Top panel: Effect o f substrate on percent spreading o f eastern oyster
ventricle cells in 24-well plates at 24 h. Columns sharing letters were not significantly
different (P > 0.0S). Bottom panel: Effect of substrate on attachment o f eastern oyster
ventricle cells in 24-well plates at 24 h. Absorbance at 490 nm is correlated with cell
number. Black columns indicate number of cells rem ain in g attached to substrate after
washing, and hatched columns indicate number o f cells washed from a substrate. Within
a column type (black or hatched), columns sharing letters were not significantly different
(P > 0.05). The substrates “Coming®” and “Falcon®” refer to uncoated plates. All other
substrates refer to coatings on Falcon® plates.
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Figure 2-3. Top panel: Effect o f substrate on percent spreading o f eastern oyster
ventricle cells at 5 d. Columns sharing letters were not significantly different (P > 0.05).
Bottom panel: Effect o f substrate on attachment o f eastern oyster ventricle cells in 24well plates at 5 d. Absorbance at 490 nm is correlated with cell number. Black columns
indicate number o f cells remaining attached to substrate after washing, and hatched
columns indicate number of cells washed from a substrate. Within a column type (black
or hatched), columns sharing letters were not significantly different (P > 0.05). The
substrates “Coming®” and “Falcon®” refer to uncoated plates. All other substrates refer
to coatings on Falcon® plates.
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Significantly more cells were washed from wells coated with collagen I (A490 = 0.248) or
collagen IV (A490 = 0.246). Significantly fewer cells were washed from wells with the
uncoated Coming® substrate (A490 = 0.199) or poly-D-lysine (A490 = 0.196). All other
treatments, including the uncoated Falcon® substrate (A490 = 0.221), were not
significantly different from each other and formed a group between these two groups
(Fig. 2-3).
C e l l S p r e a d in g A s s a y

Significant differences (P < 0.0001) in the percentage of spreading cells were
detected among attachment factors at 24 h. A significantly higher percentage of cells
(58.6%) spread in the presence o f poly-D-lysine than for all other attachment factors.
Collagen 1 (6.4%) was less effective than the other treatments at enhancing cell
spreading. Cell spreading on the uncoated Falcon substrate (44.7%) was not significantly
different from that o f fibronectin (48.7%). Cell spreading on these substrates was lower
only than the spreading on poly-D-lysine (Fig. 2-2). Generally, higher spreading was
associated with higher attachment.
Significant differences (P < 0.0001) in the percentage of spreading cells were
detected among attachment factors at 5 d as well A significantly higher percentage of
cells were spread in the presence o f laminin (46.4%), the uncoated Coming® substrate
(42.9%), or poly-D-lysine (42.8%). Collagen I (25.3%) was significantly less effective
than all other treatments at enhancing cell spreading. The percentage o f cells spreading
on all other substrates, including the uncoated Falcon® substrate (31.8%), formed one
statistical grouping between these values (Fig. 2-3). Generally, higher spreading was
associated with higher attachment.
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D isc u ssio n

Attachment and spreading o f cells in vitro can increase cell function, metabolism,
and gene expression (Folkman and Moscona 1978, Ben-Ze’ev et aL 1980), all o f which
are important to effectively utilize cell culture. This is the first report to quantify effects
of substrate on bivalve cell attachment and spreading. In this study, poly-D-lysine
promoted cell attachment and spreading better than any other attachment factor. As polyD-lysine is a highly positively charged molecule, coating w ells with this synthetic
polymer has been used to improve the adhesive properties o f many cell types by allowing
the negatively charged cells to attach to and interact with the well bottom (Freshney
1994). This may allow the cells to produce an extracellular matrix and facilitate
attachment and spreading. Polylysines o f less than 100 kD have been found to be toxic to
bivalve cells, but larger polylysines promoted attachment (Odinstava et a l 1994). The
molecular weight of the poly-D-lysine used in this study was 100 to 150 kD. Poly-Dlysine has also been reported to enhance attachment and spreading in primary cultures
from the oysters Ostrea edulis (Renault et aL 1995) and C. gtgas (Le Deuff et a l 1994).
Interestingly, poly-D-lysine was reported to be of no benefit to C. virginica primary
cultures, and even toxic to the clam Maya arenaria cultures (Hetrick et a l 1981).
However, the molecular weight o f the poly-D-lysine used in these studies was not
reported.
Cells on poly-D-lysine appeared to have a higher viability than other cells at 24 h.
As no evidence o f rapid cell proliferation on poly-D-lysine, or cell death on other
substrates, was observed, this is most likely an artifact o f the MTS assay. This assay
estimates cell number based on metabolic rate. It is known that attachment and spreading
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can increase the levels o f metabolism in cell culture. For bivalve cells, it has been
demonstrated that substrate can cause increased rates of mRNA synthesis (Odinstava et
aL 1994). Because wells with poly-D-lysine had more attached and spread cells than did
other substrates, the higher metabolic activity o f these cells could have caused an
increased MTS assay value.
It should be noted that this MTS artifact did not affect the cell attachment assay.
For this assay, MTS data was collected for cells rem aining attached in a well, and for
cells washed from a well. Any effect o f substrate on metabolic activity would be
detected as incongruous results between the two data sets. Data collected on attached and
washed cells revealed the expected inverse relationship, implying that attached cells had
similar metabolic rates regardless o f substrate, and likewise for suspended cells. These
data were also supported by the cell spreading assay. This supports observations on cell
attachment based on MTS data.
The results for attachment, spreading, and viability differed between 24 h and 5 d
for poly-D-lysine and other treatments. Generally, after 5 d, treatments with initially high
MTS values (at 24 h) became lower and treatments with low MTS values became higher.
This can be explained by considering the MTS assay and medium composition. Because
wells with high initial attachment also had cells with higher metabolic activity, nutrients
in the defined medium may have been depleted more rapidly, thus lowering attachment
and metabolic activity within the well over time. Wells with higher initial levels o f
attachment and spreading would be affected the most (e.g., poly-D-lysine), and wells
with low initial attachment and spreading would be affected the least (e.g., collagen I).
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Collagen I was the only substrate to have more cells washed from a well than
remained attached at 24 h. Unlike poly-D-lysine, collagen I depends on interaction o f the
factor with cell membrane receptors to facilitate attachment and spreading. Coating the
plate with collagen I reduced the positive charge o f the surface, and C. virginica cells
apparently did not recognize this molecule effectively. This is surprising in that a
collagen I-like molecule has been isolated and characterized from the extracellular matrix
secreted by hemocytes o f the oyster Pinctadafucata (Suzuki and Funakoshi 1992).
There may be differences between the bivalve and mammalian forms o f this molecule.
Viability on collagen I appeared to be lower than in other treatments. Similar to
poly-D-lysine, this result was potentially an artifact o f the MTS assay. Because cells on
collagen I were inhibited from attaching and spreading more than with other treatments,
the metabolic activity o f these cells was probably lower than on other substrates. It
should be noted that on occasion, patches o f attached and spread cells could be found in
the collagen I wells. This may be attributed to uneven coating o f the well with collagen I,
allowing cells access to the uncoated Falcon9 surface.
There were few discemable trends among the other substrates tested. Other than
poly-D-lysine, no attachment factor tested induced attachment and spreading better than
uncoated Falcon9 wells (the control treatment), although fibronectin (at 24 h) and laminin
(at 5d) performed comparably. It is interesting to note that there were differences in
attachment and spreading between the uncoated Falcon9 and Coming9 plates. As both
plate types were tissue-culture-treated by the manufacturer to impart a slight positive
charge, it may be possible that different treatments by the manufacturer affected the
ability to induce cell attachment and spreading. Similar to collagen I, the factors
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fibronectin, collagen IV, and laminin all depend on interaction o f cell membrane
receptors with the attachment factors. The fact that uncoated tissue-culture-treated plates
performed as well or better than these attachment factors indicates that charge may play
an important role in the attachment and spreading o f oyster cells, especially if these cells
are not able to recognize traditional attachment factors well. Except for poly-D-lysine,
all o f the factors used in this study were isolated from m am m alian sources, but have been
effective for a wide variety o f cell types (Freshney 1994). Because poly-D-lysine is a
synthetic polymer primarily used to impart a positive charge, it does not specifically react
with cell membrane receptors. However, given the variability in the response o f other
bivalve cells to attachment factors (Table 2-1), there may be different optimal factors for
each cell type and organism. Poly-D-lysine appears to be usefill as a general factor to
enhance attachment. Optimization will probably involve the isolation and use o f
attachment factors derived from bivalves.
Recently, several attachment factors have been isolated from bivalves, including a
fibronectin-like molecule from the oyster P. fucata (Suzuki and Funakoshi 1992), a
collagen I-like molecule from P. fucata (Suzuki et al., 1991), other types o f collagen-like
molecules and proteoglycans from P. fucata (Suziki et aL, 1991), a fibronectin-like
molecule from the mussel Mytilus galloprovincialis (Panara et aL, 1996), and an adhesive
plaque protein from M. galloprovincialis (Inoue et aL, 1995). Future work in improving
bivalve cell attachment should involve further screening o f different factors, including
some of bivalve origin. For example, hemocytes could be used to produce an
extracellular matrix upon which primary cell cultures could be initiated.
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This study indicates that substrate can influence attachment and spreading of
oyster cells. An effect o f duration o f incubation was found, which was attributed to
medium depletion rather than substrate toxicity. Poly-D-lysine promoted cell attachment
and cell spreading best. Combinations o f commercially available attachment factors may
prove to be more effective than the use o f single factors and should be tested. Different
cell types from different tissues must also be examined. Finally, improvements in
dissociation techniques and medium composition must occur along with improvements in
cell attachment and spreading for the establishment o f bivalve cell lines to be realized.
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C h a tt er 3
In Vitro T r a n s f e c t io n o f P r im a r y C e l l s o f t h e E a s t e r n O y s t e r
In t r o d u c t io n

Cell culture can serve as a useful model for in vivo research (Freshney 1994).
Techniques for primary culture o f bivalve cells have been developed (Perkins and Menzel
1964, Odinstava and Khomenko 1991), and improvement in primary culture techniques
and the development o f an oyster cell line are being pursued (Buchanan et aL 1999).
However, at present no bivalve cell line is available, and only one cell line (from a
gastropod) has been developed within all mollusca (Hansen 1976). Therefore, in vitro
research in bivalves is currently limited to primary cell cultures.
There is a need for research in disease resistance in the oyster industry. The
industry has recently been plagued with problems from the protozoan parasites Perkinsus
marinus and Haplosporidium nelsoni (Ford and Tripp 1996). Research on improvement

o f oyster responses to microbial contam inants through transgenic manipulation is
currently underway. The ability to transfect oyster cells in vitro would allow the rapid
screening of promoter gene constructs, the examination o f mechanisms o f gene
expression, and observation o f the interaction o f parasites and cells expressing genes of
interest. Additionally, the development of transfection techniques might also be useful in
the generation o f a transformed bivalve cell line.
Cationic lipids are commonly used to deliver DNA to cells in culture (Feigner et
al. 1987, Mannino and Gould-Fogerite 1988). A new reagent for transfection, cationic
activated polyamidoamine dendrimers (Haensler and Szoka 1993, Tang et aL 1996), is
reportedly less toxic than cationic lipids, will deliver DNA efficiently to cells, and can
yield high transfection efficiencies (Bielinska et a l 1996, Kukowska-Lato11a et aL 1996).
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After in vitro transfection, cells are often exposed to antibiotics to allow for selection o f
cells expressing a transgene conferring antibiotic resistance (Ausebel et al. 1999). The
bacterial aminoglycoside phosphotransferase II gene (neor) has been shown to confer
resistance to neomycin and related aminoglycoside antibiotics such as G418, kanamycin,
and gentamicin in eukaryotic cells (Co lbere-Garapin et aL 1981, Southern and Berg
1982). These antibiotics interfere with ribosome function and reduce polypeptide
synthesis and chain elongation (Davies and Jimenez 1980). Cells expressing this gene
are able to survive exposure to such antibiotics.
When comparing differences in cell number, a rapid, reproducible assay is
beneficial. An assay involving the reduction o f a tetrazolium salt to a formazan dye has
been shown to be useful as a rapid estimator o f cell number (Buttke et al. 1993, Berg et
aL 1994). Because this assay relates cell metabolism to cell number, results must be
interpreted with caution. Further, media composition can induce artifacts in this assay, so
experiments must be executed with care (Page et aL 1988, Marshall et aL 1995).
Objectives for this study were to: 1) identify an antibiotic for use as a selective agent with
oyster cells; 2) examine toxicity o f transfection techniques to oyster cells; 3) compare
transfection and antibiotic toxicity in medium with and without fetal bovine serum; and
4) identify potential problems with the use o f a tetrazolium salt assay for cell
enumeration.
M et h o d s
flF .i.i-s

and

C ell C u lt u r e

Oysters were collected from coastal Louisiana and were held at least 5 d in
filtered artificial seawater (ASW) (Fritz Super Salt, Fritz Industries Inc., Dallas, TX)
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before use. The osmolality o f all solutions was measured with a vapor pressure
osmometer (Model 5500, Wescor Inc., Logan, UT) and maintained at 425 mOsmol/kg.
Ventricles were removed and decontaminated for 1 h in an antibiotic solution consisting
o f 100 mg/L penicillin G, 100 mg/L streptomycin, 100 mg/L gentamicin, 200 mg/L
kanamycin, 100 mg/L neomycin, 100 mg/L polymyxin B, 200 mg/L erythromycin, and
2.8 mg/L amphotericin B dissolved in sterile ASW. Antibiotic solution was replaced
after 30 min. Primary cell cultures were obtained by dissociation o f ventricles in oyster
saline solution (0.635 g/L CaCl2-2H20 , 1.46 g/L MgS04, 2.18 g/L MgCb-6H20 , 0.310
g/L KCL, 11.61 g/L NaCl, and 0.35 mg/L NaHCOa) containing 1.0 mg/ml Pronase
(CaEBiochem, La Jolla, CA). Pronase has proven to be an effective dissociation enzyme
(unpublished data). Cells were washed three times in a rinsing solution (15.00 g/L NaCl,
0.54 g/L KC1, 0.60 g/L NaHCCh, 0.50 g/L glucose, 0.10 g/L galactose, 0.10 g/L
trehalose) and resuspended in the culture medium JL-ODRP-4 (Appendix D). This
medium was chemically defined, and thus allowed for examination without interaction
from unknown medium components. All cells were cultured in a humid chamber at
25°C.
DNA P r e p a r a t io n
The plasmid used for transfection was commercially available as pS65T-Cl
(Clontech Laboratories Inc, Palo Alto, CA), which contains a gene encoding a modified
form of green fluorescent protein (rsGFP) (Heim et aL 1995) under control o f the human
cytomegalovirus immediate early promoter (CMV). Escherichia coli strain DH5a
transformed with the plasmid o f interest were grown overnight in Luria-Bertani (LB)
broth at 37°C. Plasmid DNA was extracted and purified using an anion exchange column
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(QIAFilter Plasmid Maxiprep kit, Qiagen Inc., Valencia, CA), and DNA was dissolved in
distilled water (dH^O) for use. Concentration and purity o f DNA was estimated by
spectrophotometry (GeneQuant RNA/DNA Calculator, Pharmacia Biotech, Piscataway,
NJ) and agarose gel electrophoresis.
C e l l V ia b il it y A s s a y

Cell number was estimated using the Cell Titer 96™ AQuwus Cell Proliferation
Assay (Amersham Pharmacia Biotech, Piscataway, NJ). This kit contained the
tetrazolium compound 3-(4,5-dimethyhhiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium (MTS), and an electron-coupling agent, phenazine
methosulfate (PMS). In solution with metabolically active (viable) cells, MTS (in the
presence o f PMS) is reduced to a soluble formazan dye by mitochondrial
dehydrogenases. The amount o f reduction o f MTS can be measured as an increase in
absorbance at a wavelength o f490 nm. Asorbance at 490 nm for blanks, wells with
media only that receive MTS and PMS, was subtracted from treatment wells. A
relationship between cell number and total metabolic activity is assumed to estimate cell
number. This technique will be referred to as the MTS assay throughout this chapter. In
this study, MTS assays were performed on cells in 200-pl volumes of medium in 96-well
plates (Coming Inc., Coming, NY) with MTS at 333 pg/ml final concentration and PMS
at 25 pM final concentration. After a 6-h incubation, absorbance of each well was
measured with a microtiter plate reader (Dynatech, Chantilly, VA) at 490 nm.
To confirm results from the MTS assay, all treatments were visually inspected.
Cells were observed in wells with an inverted microscope (Zeiss) at 200 X.
Representative portions o f wells were photographed with color slide film (ASA 200).
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A n t ib io t ic T o x ic it y

The antibiotics kanamycin, gentamicin, neomycin, and G418 were screened as
potential selection agents by measuring their effects on cell viability. All antibiotics
were dissolved in 0.9% NaCL Cells were seeded at 3x10s in 150 p i o f m edium JL ODRP-4 per well in a 96-well plate (Coming Inc). For kanamycin and G418, serial
dilutions in 0.9 % NaCl were prepared so that 50 pi o f each dilution was added to a well
for final concentrations ranging from 0.049 to 3.125 mg/ml. For neomycin and
gentamicin, serial dilutions in 0.9% NaCl were prepared so that 50 pi o f each dilution
was added to a well for final concentrations ranging from 0.01 to 2.5 mg/ml. Control
wells received 50 pi of 0.9% NaCl only. Each antibiotic serial dilution (4 treatments)
was performed in triplicate. Cell viability was assayed at 5 and 9 d after addition o f
antibiotic using the MTS assay.
All antibiotics used were screened for possible interactions with the MTS assay.
Antibiotics at 0.35 mg/ml were added in 50 pi 0.9% NaCl to 150 pi of JL-ODRP-4. Each
treatment was in triplicate. Three wells with media and 0.9% NaCl only were prepared
as blanks, and the MTS assay was performed.
Screening antibiotics revealed G418 to be the antibiotic of choice for challenge of
transfected oyster cells, and the effect o f G418 concentration on cell viability was
examined in more detail. Because oyster cells sometimes perform better in the presence
of fetal bovine serum (FBS) (data not shown), the effect ofFBS on G418 toxicity was
examined. Cells were seeded at 3x105 per well in 150 pi o f medium JL-ODRP-4 with or
without 10% FBS in 96-well plates. Cells in both media types received 50 pi o f G418 in
0.9%NaCI at concentrations ranging from 0.1 to 2.5 mg/ml. Control wells received 50 pi
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of 0.9% NaCl only. Each treatment was set up in triplicate. A t 5 d and 10 d after
addition o f antibiotic, cell viability was measured with the MTS assay.
T r a n s f e c t io n T o x ic it y

To test the effect of transfection on cell viability, ventricle cells were seeded at
3x105 per well in 150 pi of medium JL-ODRP-4. To deliver DNA to cells, a transfection
solution o f plasmid (pS65T-Cl) DNA mixed with SuperFect™ (Qiagen Inc., Valencia,
CA) was prepared. SuperFect™ is a commercially available solution o f activated
polyamidoamine dendrimers (Tang et al. 1996), and the ratio o f DNA (pg) to
SuperFect™ (pi) has been shown to influence transfection efficiencies. Several ratios of
plasmid DNA to SuperFect™ were tested for toxicity. Plasmid DNA was diluted in
oyster saline solution and mixed SuperFect™ for a total volume o f 50 pi. The following
solutions were prepared: 1) 0.5 pg DNA and 5 pi of SuperFect™; 2) 0.5 pg of DNA and
2.5 pi of SuperFect™; 3) 0.5 pg o f DNA and 0.5 pi o f SuperFect™; 4) 1 pg of DNA and
10 pi of SuperFect™; 5) 1 pg o f DNA and 5 pi of SuperFect™; 6) 1 pg of DNA and 1 pi
of SuperFect™; 7) 10 pi of SuperFect™ only; 8) 0.5 pg o f DNA only; 9) 1 pg of DNA
only; and 10) oyster saline only. After incubation for 10 min at room temperature, each
of the above solutions were added to wells o f cells for a final volume o f200 pi. Each
solution was prepared in triplicate. After 48 h, cell viability in each well was measured
with the MTS assay.
The effect o f FBS on enhancing cell survival during transfection was investigated.
Ventricle cells were plated at 3x105 in 150 pi o f medium JL-ODRP-4 supplemented with
10% FBS. To deliver DNA to cells, a transfection solution o f plasmid DNA mixed with
SuperFect™ was prepared. Several ratios o f plasmid DNA to SuperFect™ were tested
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for toxicity. Plasmid DNA was diluted in oyster saline solution and mixed with
SuperFect™ for a total volume o f 50 pi. The following solutions were prepared: 1) 0.5
pg DNA and 5 pi o f SuperFect™; 2) 0.5 pg o f DNA and 2.5 pi o f SuperFect™; 3) 0.5 pg
of DNA and 0.5 pi o f SuperFect™; 4) 0.25 pg o f DNA and 5 pi o f SuperFect™; 5) 0.25
pg of DNA and 2.5 pi o f SuperFect™; 6) 0.25 pg of DNA and 1.25 pi o f SuperFect™; 7)
5 pi o f SuperFect™ only; 8) 0.5 pg o f DNA only; and 9) oyster saline only. After
incubating for 10 min at room temperature, each of the above solutions were added to
wells o f cells for a final volume o f200 pL Each treatment was prepared in triplicate.
Cell viability in each well was measured after 24 h with the MTS assay. Duplicate plates
were prepared and cell viability was assayed at 48 h.
The interaction of SuperFect™ and DNA with the MTS assay was examined.
This was necessary to identify artifacts that could confound the MTS assay. The
following combinations of SuperFect™ and DNA diluted in 50 pi o f oyster saline were
added to 150-pl o f medium in 96-well plates: 1) 0.5 pg DNA and 5 pi o f SuperFect™; 2)
0.5 pg o f DNA only; 3) 5 pi of SuperFect™ only; and 4) oyster saline only. Each well
was set up in triplicate, and the MTS assay was performed on each well
S t a t is t ic a l M e t h o d s

Data were analyzed statistically with the General Linear Models procedure (SAS
Inc., Cary, NC). A one-way analysis o f variance (ANOVA) was used to compare mean
values for absorbance at 490 nm for each treatment. To better approximate a normal
distribution, all percentage data were arcsine transformed before ANOVA (Zar 1984). A
Tukey’s Studentized Range Test was used to separate sample means. A significance
level o f P < 0.05 was used in all statistical analyses.
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R esu lts
A n t ib io t ic

ToxicnY

Large differences were observed in MTS values after incubation of cells with
various antibiotics (Fig. 3-1). However, this was due in part to significant interaction of
antibiotics with the MTS assay (P = 0.0001) (Fig 3-2). At 0.35 mg/ml, kanamycin
reacted strongly with the MTS assay (absorbance at 490 nm; A4 9 0 = 0.239) and was
rejected for further use for this reason. Neomycin reacted significantly with the MTS
assay, although at lower levels (A490 = 0.088). Gentamicin (A490 = 0.077) reacted
significantly, but at lower levels than neomycin. G418 (A4 9 0 = 0.068) did not interact
with the MTS assay, and was not significantly different than media alone (A490 = 0.070)
(Fig. 3-2). In fact, G418 did not interact with the MTS assay even at high concentrations
(Fig. 3-3). G418 was toxic antibiotic to oyster cells at all concentrations tested (Fig 3-1);
a significant decrease in MTS values was observed with increasing antibiotic
concentration (P < 0.0001). Microscopic observation o f cells confirmed that G418 was
the most toxic o f the antibiotics screened. Because G418 was toxic at low concentrations
and did not interact with the MTS assay, it was selected for use in subsequent
experiments.
These trends were observed again in treatments incubated for 9 d (Fig. 3-4).
Although reduction in the MTS assay was slightly greater for G418 at 9 d (66% o f
control at 200 pg/pl G418 at 5 d, versus 51% o f control at 9 d) there was no strong
decrease in cell viability (Fig. 3-4).
Because cells may be transfected in media supplemented with FBS, the effect o f
G418 in JL-ODRP-4 supplemented with 10% FBS was examined. FBS was tested for
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Figure 3-1. Apparent toxicity o f antibiotics to ventricle cells o f eastern oysters in 96-well
plates at 5 d. Absorbance at 490 nm (mean ± standard error) recorded after MTS assay.
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sharing letters were not significantly different (P > 0.05).
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interaction with the MTS assay, and significant differences were detected (P = 0.0001).
Compared to wells o f medium JL-ODRP-4 only (A49 0 = 0.081; mean ± standard), wells
o f medium supplemented with 10% FBS had significantly higher MTS values (0.145 ±
0.005) It was therefore necessary to use separate blanks for media with or without FBS.
Cells were significantly more susceptible to G418 in the presence o f FBS (P < 0.0001)
(Fig. 3-5). These results were corroborated with microscopic observation.
T r a n s f e c t io n

Toxienv

Before using the MTS assay to estimate transfection toxicity, it was necessary to
examine the interaction o f DNA and SuperFect™ with the MTS assay and significant
interactions were observed (P = 0.0075) (Table 3-1). Although media with DNA (A490 =
Table 3-1. Interaction o f SuperFect™ and DNA in medium JL-ODRP-4 with the MTS

medium only

Absorbance at 490 nm
(mean ± standard error)
0.158 ±0.0017®

5 pi SuperFect

0.164 ± 0.0020 A

0.5 pg DNA

0.156 ±0.0012®

5 pi SuperFect and 0.5 pg DNA

0.165 ±0.0003 A

Treatment

0.156) was no different than media alone (A490 = 0.158), media with SuperFect™ (A490
0.164) and media with SuperFect™ and DNA (A490 = 0.165) had significantly higher
MTS values. Although there was interaction o f reagents with the MTS assay, the
magnitude of these differences was sm all (< 0.01 absorbance units at 490 nm).
Therefore, separate blan k s were not constructed for each SuperFect™ concentration
tested for toxicity.
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Figure 3-5. Comparison o f the effect of antibiotic G418 on ventricle cells o f eastern
oysters over a range o f concentrations in two types o f media. Absorbance at 490 nm
(mean ± standard error) was recorded after MTS assay.
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3

For cells in JL-ODRP-4, there was significant toxicity associated with
transfection (P = 0.0001) (Fig. 3-6). The MTS value for DNA alone (A490 = 0.398) was
not significantly different from control cells (A490 = 0.427). SuperFect™ alone (A4 90 =
0.235) was significantly toxic compared to control cells. SuperFect™ complexed with
DNA was more toxic than either SuperFect™ or DNA alone. With 0.5 and 1.0 pg o f
DNA increasing SuperFect™ volume resulted in increased toxicity, however, at the
same SuperFect™ volume (5 pi), the amount o f DNA did not change toxicity.
In JL-ODRP-4 with 10% FBS, transfection toxicity was reduced. At 24 h,
although significant toxicity was detected (P = 0.0227), only the incubation o f cells with
the highest amounts of DNA and SuperFect™ (A 90 = 0.336) resulted in significant levels
of toxicity compared to MTS values from control cells (A 90 = 0.394) (Fig. 3-7). In this
case, cells incubated with DNA (A490 = 0.381) or SuperFect™ (A 90 = 0.369) alone were
not significantly different from control cells (A 90 = 0.394).
At 48 h, toxicity levels increased (P = 0.0001) (Fig. 3-8). SuperFect™ alone was
significantly toxic (A 90 = 0.383), as was DNA alone (A4 9 0 = 0.405), compared to MTS
values from control cells (A 90 = 0.429). The toxicity o f DNA alone was unexpected and
may confound these results. Again, increasing SuperFect™ volume increased toxicity,
though in this case increasing DNA concentration increased toxicity as well. At 5 pi of
Superfect ™, DNA at 0.5 pg (A 90 = 0.361) was more toxic than DNA at 0.25 pg (A 90 =
0.388), and DNA at 0.25 pg complexed with SuperFect™ was not any more toxic than
SuperFect™ alone. As with medium without FBS, SuperFect™ complexed with DNA
was more toxic than either SuperFect™ or DNA alone.
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Figure 3-6. Toxicity o f transfection to ventricle cells o f eastern oysters in medium JLODRP-4 at 48 h. Absorbance at 490 nm (mean ± standard error) was recorded after MTS
assay. Black bars represent treatments that received no DNA, hatched bars received 0.5
pg DNA, and open bars received 1 pg DNA. Columns sharing letters were not
significantly different (P > 0.05).
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Figure 3-7. Toxicity o f transfection to ventricle cells o f eastern oysters in medium JLODRP-4 plus 10% FBS at 24 h. Absorbance at 490 nm (mean ± standard error) was
recorded after MTS assay. Black bars represent treatments that received no DNA,
hatched bars received 0.25 pg DNA, and open bars received 0.5 pg DNA Columns
sharing letters were not significantly different {P > 0.05).
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Figure 3-8. Toxicity o f transfection to ventricle cells o f eastern oysters in medium JLODRP-4 plus 10% FBS at 48 h. Absorbance at 490 nm (mean ± standard error) was
recorded after MTS assay. Black bars represent treatments that received no DNA,
hatched bars received 0.25 pg DNA, and open bars received 0.5 pg DNA. Columns
sharing letters were not significantly different (P > 0.05).
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D is c u s s io n

The MTS assay has been used effectively to estimate oyster cell numbers in vitro
(Buchanan et al. 1999). This assay is dependent on the cellular reduction o f a tetrazolium
salt to a colored formazan dye. A constant relationship between cell number and
metabolic activity is assumed in this assay. A similar technique was first reported by
Mosmann (1983), and tetrazolium salts have been used to estimate cell number in many
studies (e.g., Miki et al. 1993; Page et aL 1988), including other research with bivalve
cells (Domart-Coulon et al. 1994, B u ch a n a n et al. 1999). There are concerns with use o f
this assay due to the nature of tetrazolium salts, compositions of cell culture media, and
variability in cellular metabolism (Marshall et al. 1995, Page et al. 1988). Care must be
taken in the interpretation of results because MTS can react to changes in the cell
environment, media composition, or media additives. A further confounding factor
associated with this assay is a dependence on cell metabolism (M arshall et al. 1995).
Cell metabolism can respond to changes in media composition and the cell environment.
Therefore, results must be interpreted with caution and alternate explanations for
observations due to the nature of the MTS assay should be explored. In this study, the
MTS value could reflect changes in cell number due to toxicity, changes in metabolic
activity due to toxicity, or interactions o f media components with the MTS assay.
Knowledge o f potential interactions w ith MTS and preparation of the appropriate
controls were a necessity. For example, it was apparent that kanamycin reacted strongly
with the MTS assay, to the point where it would be inadvisable to use this antibiotic in
conjunction with MTS. Neomycin and FBS reacted with MTS sufficiently to confound
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experimental results if the appropriate blanks were not prepared, and gentamicin and
SuperFect™ interact slightly with the assay.
Several antibiotics were tested for effects on oyster cells. Because G418 was
more toxic at lower concentrations than the other antibiotics tested, this antibiotic was
most suitable for future use as a selective agent. Additionally, G418 did not interact with
the MTS assay, facilitating future experimentation. G418 has been used successfully to
select for transfected cells in vitro (Southern and Berg 1982, Ausebel et al. 1999). The
MTS values for oyster cells exposed to this antibiotic were reduced even at low
concentrations (< 0.5 mg/ml). The decrease in MTS values associated with exposure to
this antibiotic may have been due to a combination o f cell death and decreased metabolic
activity (sublethal toxicity). Although it is problematic to separate the two effects, the
reduction in MTS values for cells after exposure to G418 was repeatable and certainly
associated with toxicity to the antibiotic. Because oyster ventricle cells do not proliferate
in culture, cells cannot be propagated in the presence o f G418 to establish transfected cell
populations. Therefore, selection would involve the removal of non-transfected cells.
With the MTS assay, differences in MTS values between cells transfected with neor and
non-transfected cell populations should be detectable. This technique may be useful as a
quantitative indicator o f transgene expression as well as a means for selecting transfected
cells.
It has been estimated that after 5 d incubation, G418 is no longer effective in
media (Xia and Liber 1995). It can take 5 to 15 d for all cells to die with continuous
exposure to G418 in mammalian cell culture (Southern and Berg 1982, Xia and Liber
1995). Oyster cells were significantly affected after exposure for 5 d (—50% mortality
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after 5 d at initial concentration o f400 pg/pl). For longer exposures with oyster cells, it
will be necessary to replenish G418 in the medium. G418 interferes with protein
synthesis and has greatest effects on proliferating cells (Ausebel et al. 1999). This may
explain the increased susceptibility o f oyster cells in medium with FBS, which contains
components that can increase cell metabolic activity (Freshney 1994, Odinstava et al.
1994). Even though oyster cells do not proliferate in culture, they were susceptible to the
antibiotic.
Although SuperFect™ is reportedly less toxic than other transfection methods
(Qiagen SuperFect Handbook, Qiagen Inc, Valencia, CA), significant toxicity was noted
here. SuperFect™ complexed with DNA was more toxic than SuperFect™ alone. The
SuperFect™:DNA complex is larger in size than SuperFect™ or DNA alone, and has a
slight positive charge. This should allow the molecule to interact with cell membranes
more efficiently than either SuperFect™ or DNA alone (Tang et aL 1996), transfecting
some cells and damaging others.
Cells in medium with FBS were less susceptible to SuperFect™:DNA complexes
than were cells were in medium without FBS. The additional lipids or other nutrients in
FBS may have allowed cells to recover better from interaction with DNA complexes and
the stress o f transfection. FBS has been reported to be beneficial in the primary culture
of bivalve cells (Le Deuff et aL 1994, Renault et a l 1995), and transfection of primary
cells o f the Pacific oyster, C. gigas, in media with serum has resulted in higher levels o f
transgene expression compared to cells in media without FBS (Boulo et al 1996).
Alternatively, the ability of the SuperFect™:DNA complexes to interact with cells may
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have been limited by the presence o f FBS, although serum supposedly does not interfere
with transfection with SuperFect™ (Qiagen SuperFect handbook).
Because primary cultures o f oyster cells have problems with attachment to
substrate (Hetrick et aL 1981), transfection o f cells with minimal medium changes was
desirable. The manufacturers protocol suggests that SuperFect™:DNA complexes may
be left on the cells after transfection (Qiagen SuperFect Handbook). At the levels o f
toxicity reported here, this will be possible only for oyster cells incubated in media with
FBS. However, with improved culture conditions leading to increased cell attachment
(Buchanan et al. 1 9 9 9 ), it would be desirable to remove the tranfecting solution from the
cells after transfection to avoid toxic effects.
In this study, the antibiotic G418 was shown to be useful as a selective agent for
in vitro transfection o f oyster cells. The need to carefully design experiments using the
MTS assy should be emphasized, as interpretations of the results and interactions from
media additives can be confounding. Transfection of cells with an activated
polyamindoamine dendrimer (SuperFect™) was shown to be toxic. However, incubation
o f cells in medium JL-ODRP-4 supplemented with 10% FBS provided reduced toxicity
to transfection and increased sensitivity to the selective agent G418.
One point needs to be considered when assaying transfected cells for gene
expression. The reporter molecule green fluorescent protein (GFP) (Chalfle et aL 1994)
is commonly used as an indicator o f gene expression. Damaged and dying cells have
increased levels o f auto fluorescence, and transfection of cells induces toxicity.
Quantitation of green fluorescence with flow cytometery may incorporate this
autofluorescence, and increased levels o f fluorescence may be incorrectly interpreted as
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GFP expression. Along with transfection o f cells in media with FBS to reduce
transfection toxicity, the preparation o f control wells transfected with genes without
promoters will be necessary.
R eferen ces

AusebeL, F. M., R. Bent, R- E. Kingston, D. D. Moore, J. A. Seidman, & K. Struhl (eds.)
1999. Current Protocols in Molecular Biology. John Wiley and Sons, Inc., USA.
Berg, K., L. Zhai, M. Chen, A. Kharazam, & T. C. Owen. 1994. The use of a water
soluble formazan complex to quantitate the cell number and mitrochondrial
function of Leishmania major promastigotes. Parasitology Research. 80:235-239.
Bielinska, A., J. F. Kukowska Latallo, J. Johnson, D. A. Tomalia, & J. R. Baker, Jr. 1996.
Regulation o f in vitro gene expression using antisense oligonucleotides or
antisense expression plasmids transfected using starburst PAMAM dendrimers.
Nucleic Acids Research 24:2176-82.
Boulo, V., J. P. Cadoret, F. Le Marrec, G. Dorange, & E. Miahle. 1996. Transient
expression of luciferase reporter gene after lipofection in oyster (Crassostrea
gigas) primary cell cultures. Molecular Marine Biology and Biotechnology 5:16774.
Buchanan, J. T., J. F. La Peyre, R. K. Cooper, & T. R. Tiersch. 1999. Inproved
attachment and spreading in primary cell cultures o f the eastern oyster
(Crassostrea virginica). In Vitro Cellular & Developmental Biology 35:593-598.
Buttke, T. M , J. A. McCubre, & T. C. Owen. 1993. Use o f an aqueous soluble
tetrazolium/formazan assay to measure viability and proliferation of lymphokinedependent cell lines. Journal o f Immunological Methods 157:233-240.
Chalfie, M., Y. Tu, G. Eukirchen, W. Ward, & D. Prasher. 1994. Green fluorescent
protein as a marker for gene expression. Science 263:802-805.
Colbere-Garapin, F., F. Horodniceanu, P. Kourilsky, & A. Garapin. 1981. A new
dominant hybrid selective marker for higher eukaryotic cells. Journal of
Molecular Biology 150:1-14.
Davies, J. & A. Jimenez. 1980. A new selective agent for eukaryotic cloning vectors.
American Journal o f Tropical Medicine and Hygiene. 29:1089-1092.
Domart-Coulon, I., D. Doumenc, S. Auzoux-Bordenave, & Y. L. Fichant. 1994.
Identification o f media supplements that improve the viability o f primarily cell
cultures of Crassostrea gigas oysters. Cytotechnology 16:109-120.

55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Feigner, P. L., T. R. Gadek, M. Holm, R. Roman, H. W. Chan, M. Wenz, J. P. Northrop,
G. M. Ringold, & M. Danielsen. 1987. Lipofection: A highly efficient, lipidmediated DNA-transfection procedure. Proceedings o f the National Academy o f
Sciences o f the USA 84:7413-7417.
Ford, S. E. & M. R. Tripp. 1996. Diseases and disease processes. In: The Eastern Oyster,
Crassostrea virginica. V. S. Kennedy, R. I. E. Newell & A F. Eble (eds.)
Maryland Sea Grant College, College Park, MD. pp. 581-660.
Freshney, R. I. 1994. Culture o f Animal Cells: A Manual o f Basic Technique, 3rd edition.
Wiley Liss Inc., New York. 485 pp.
Haensler, J. & F. Szoka. 1993. Polyamidoamine cascade polymers mediate efficient
transfection of cells in culture. Bioconjugate Chemistry 4: 372-379.
Hansen, E. L. 1976. A cell line from embryos o f Biomphalaria glabrata (Pulmonata):
Establishment and characteristics. In: Tissue Culture: Applications in Medicine,
Biology, and Agriculture. K. Maramorosch (ed.) Academic Press, New York. pp.
75-97.
Hetrick, F. M., E. Stephens, N. Lomax & K. LutrelL 1981. Attempts to develop a marine
molluscan cell line. University o f Maryland, College Park. Sea Grant College
Program Technical Report UM-SG-TS—81 -06.
Kukowska-Latollo, J. F., A U. Bielinska, J. Johnson, R. Spindler, D. A. Tomalia, & J. R.
Baker. 1996. Efficient transfer o f genetic material into mammalian cells using
Starburst polyamidoamine dendrimers. Proceedings o f the National Academy o f
Sciences o f the USA 93:4897-4902.
Le Deuff, R.-M., C. Lipart, & T. Renault. 1994. Primary culture o f Pacific oyster,
Crassotrea gigas, heart cells. Journal o f Tissue Culture Methods 16:67-72.
Mannino, R. J. & S. Gould-Fogerite. 1988. Liposome mediated gene transfer.
BioTechniques 6:682-690.
Marshall, N. J., C. J. Goodwin, & S. J. Holt. 1995. A critical assessment o f the use of
microculture tetrazolium assays to measure cell growth and function. Growth
Regulation 5:69-84.
Miki, I., N. Ishihara, M. Otoshi, & H. Kase. 1991. Simple colorimetric cell-cell adhesion
assay using MTT-stained leukemia cells. Journal o f Immunological Methods
164:255-261.

56
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Mosmann, T. 1983. Rapid colorimetric assay for cellular growth and survival: application
to proliferation and cytotoxicity assaya. Journal o f Im m u n o lo g ical Methods
65:55-59.
Odinstava, N. A. & A. V. Khomenko. 1991. Primary cell culture from embryos of the
Japanese scallop Mizuchopecten yessoensis (Bivalvia). Cytotechnology 6:49-54.
Odintsova, N. A., A. V. Ermak, & L. G. TsaL 1994. Substrate selection for long-term
cultivation o f marine invertebrate cells. Comparative Biochemistry and
Physiology 107A:613-619.
Page, M., N. Bejaoui, B. Cinq-Mars, & P. Lemieux. 1988. Optimization of the
tetrazolium-based colorimetric assay for the assay for the measurement o f cell
number and cytotoxicity. International Journal ofPharmacology 10:785-793.
Perkins, F. O. & R. W. MenzeL 1964. Maintenance o f oyster cells in vitro. Nature
204:1106-1107.
Renault, T., G. Flaujac, & R.-M. Le Deuff. 1995. Isolation and culture o f heart cells from
the European flat oyster, Ostrea edulis. Methods in Cell Science 17:199-205.
Southern, P. J. & P. Berg. 1982. Transformation of m am m alian cells to antibiotic
resistance with a bacterial gene under control o f the SV40 early region promoter.
Journal o f Molecular and Applied Genetics 1:327-341.
Tang, M. X., C. T. Redemann, & F. C. Szoka. 1996. In vitro gene delivery by degraded
polyamidoamine dendrimers. Bioconjugate Chemistry 7:703-714.
Xia, F. & H. L. Liber. 1995. Electroporation o f human lymphoblastoid cells. In: Methods
in Molecular Biology, Vol. Vol. 48. J. A. NickoIofF(ed.). Humana Press Inc.,
Totowa, NJ. pp. 151-160.
Zar, J. H. 1984. Biostatistical Analysis. Prentice-HalL, Englewood Cliffs, NJ. 718 pp.

57
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Ch a p t e r 4
C o n d it io n in g o f E a st e r n O y st e r s in a C lo se d R e c ir c u l a t in g S y st e m *
In t r o d u c t io n

The eastern oyster, Crassostrea virginica, supports a valuable commercial fishery.
The annual harvest value is measured in hundreds o f millions o f dollars in the United
States (MacKenzie 1996). However, the industry has been plagued with multiple
problems in recent years, resulting in decreased oyster production (MacKenzie 1996,
Andrews 1991) and creating a need for research in oyster genetics.
This has made necessary the development and improvement o f culture techniques,
including design o f recirculating systems for holding and conditioning o f broodstock.
Typically, work is limited to the natural spawning period (April to October), and even then
oysters require repeated monitoring for gonadal maturation. Additionally, research away
from the coast requires continual monitoring and transport o f oysters for use in the
laboratory. Further problems include the costs and labor associated with obtaining
suitable water sources. Thus, development o f a recirculating system for holding and
ripening of oysters in the laboratory would extend the oyster spawning season and expand
research opportunities. In addition, such systems would allow containment of genetically
modified organism s, including those produced by gene transfer (Kapuscinski and
Hallerman 1991). The ability to condition oysters in an artificial system is a first step
toward containment o f the complete life cycle in the laboratory.
The reproductive ecology o f the eastern oyster is well-described (Shumway 1996,
Thompson et a l 1996). The primary cue for gamete development seems to be
"Reprinted with permission from The Journal o f Shellfish Research (see Appendix F)
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temperature, and research has addressed the effects o f temperature on gametogenesis
(Price and Maurer 1971, Loosanoff and Davis 1953). Gametogenesis and spawning begin
with increasing temperatures in the spring and summer, and the existence o f oysters
acclimatized to local environments, with specific temperature requirements in
reproduction, have been reported (Loosanoff 1969). Oysters are routinely conditioned
through temperature manipulation m research hatcheries using natural seawater and foods
(DupuyetaL 1977). Laboratory studies on temperature and gametogenesis have utilized
natural seawater for water exchange in holding systems (Robinson 1992, Price and Maurer
1971). Some research has been conducted on the maintenance o f oysters in a laboratory
environment. Tolerance levels of oysters to various water quality conditions have been
reported (Epifanio and Sraa 1975, Epifanio et aL1975), as have guidelines for feeding
regimes and rations (Epifanio and Ewart 1977). Several studies have also addressed
design and maintenance o f recirculating systems (MacMillian et al. 1994, Thiekler 1981).
The goal o f this study was to develop techniques for holding and conditioning of
C. virginica in a recirculating system. This is the first study on the conditioning o f oysters
in such a system. Oysters collected during winter in Louisiana coastal waters were
brought into the laboratory, and conditioning was attempted over an 8-week period by
incremental raising o f temperature from 14°C to 25°C. Laboratory-held oysters were
compared to oysters from natural waters before and after the holding period. Objectives
during the study were to monitor: 1) water quality; 2) mortality and disease; 3) changes in
gonad condition; and 4) changes in physiological condition.
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M a t e r ia l s a n d M e t h o d s

Eastern oysters were collected from public oyster grounds in Hackbeny Bay
Louisiana (29°40’00”N, 90°02’30,rW) on February 19, 1997. Hackberry Bay oysters
were selected because o f reportedly low levels of Perkmsus marinus infection in this
population (Supan, unpublished data). The oysters were kept on ice, and transferred to
the Louisiana State University Aquaculture Research Station (ARS) on February 21. O f
these, 50 were processed upon arrival at the ARS to establish a baseline reference.
Another 600 oysters were cleaned o f external debris and split into two groups of 300
each.
One group was transported to the Louisiana State University oyster hatchery at
Grand Isle, Louisiana (29°12’30”N, 90°02’30”W) to serve as a field reference. These
were suspended from a pier in 1.25-cm mesh ADPI® bags, and were exposed to ambient
conditions over the course o f the experiment.
The second group was placed in a closed, recirculating system in the laboratory for
conditioning (Fig. 4-1). The system was composed o f two 500-L rectangular, fiberglass
tanks (259 cm x 91 cm x 20 cm) connected to a 1500-L sump (244 cm x 122 cm x 65
cm). Standard PVC pipe (5.08-cm, schedule 40 pipe, unless otherwise indicated) was
used for all plumbing. Each tank had a ball valve to control water delivery, a Venturi
orifice on the water inlet for aeration, and an internal standpipe to control water level.
Temperature was maintained within 1°C by an in-line heat pump (1-hp, 13,300 BTU/hr;
ACRY-TEC, San Diego, CA) with an electric remote control (model T775B, Honeywell
Inc., Golden Valley, MN) between the sump and holding tanks. A separate loop from the
sump provided filtration and sterilization. In this loop, water flowed through a 0.30-m3
60
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Figure 4-1. Design of recirculating system used to condition eastern oysters. B =
biological filter, H = heat pump, P = pump, F = foam fractionators, UV = ultraviolet light.
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upwelling bead filter (Malone et aL 1993) and a 25-W ultraviolet light (Rainbow Plastics,
El Monte, CA). Nitrifying bacteria in the effluent o f a functioning bead filter were used to
inoculate this filter. Bacterial growth in the filter was promoted with the addition of
sodium nitrite and ammonium chloride for 4 weeks before the study began (Malone and
Manthe 1985). Two 5.2-cm diameter PVC foam fractionators were constructed
(Wheaton 1977) and used in an additional sump loop to remove dissolved organics when
excessive foaming was noticed. A %-hp centrifugal pump (Maxim, Moorpark, CA) was
attached to the sump and drove water through the system. The system was filled with
artificial salt water (Fritz Super Salt, Fritz Industries Inc., Dallas, TX) at a salinity o f 15
ppt.
The laboratory oysters were fed a diet o f algal paste produced from a continuous
turbidostat culture maintained at the ARS (Theegala 1997). Paste was stored refrigerated
until use (within 2 months). Isochrysis galbana (clone T-Iso) was fed for the first 6
weeks and Chaetocerus calcitrans for the final 2 weeks. The amount of paste fed was
calculated based on dry weight (Epifanio and Ewart 1977), and prepared daily in the
following manner: 140 g o f paste was removed from storage at 4°C, dissolved in system
water, and passed through 75-pm and 15-pm nylon mesh to disperse the algal cells. This
mixture was added to the oyster tanks and allowed to circulate through the system. The
backwash effluent from the beadfilter was returned to the sump daily, allowing total
conservation of salt water, and providing a potential nutritional supplement o f bacteria and
dissolved organics to the oysters.
The study lasted 8 weeks, from February 21 to April 15, 1997. Oysters were
acclimated during week 1 in the system at 15°C. At day 10, temperature was increased
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2°C every 2 d until reaching 25°C, which was maintained for the remainder o f the study.
Laboratory samples o f 50 oysters were removed from the tanks at weeks 1,3, 5,7, and 8
for analysis o f disease, gonad development, and physiological condition. O f each sample,
30 oysters were assayed for P. marirrus infection and sectioned for histology. The
remaining 20 were processed for determination o f physiological condition. On weeks 7
and 8, 50 reference oysters were brought from Grand Isle as field sam p les and processed
as described above. The whole wet weight o f every oyster processed was recorded.
W a t e r Q u a l it y

Water quality was monitored weekly (although daily measurements were made
during weeks 2 and 3). A Hach® test kit (Model FF-3, Loveland, CO, USA) was used to
measure ammonia concentration (mg/L N H 3 -N ), nitrite concentration (mg/L N O 2 -N ), pH,
hardness (mg/L CaCCb), and alkalinity (mg/L CaCCh). Dissolved oxygen was measured
with a YSI oxygen meter (Yellow Spring, CO), and salinity with a hand-held
refractometer. Tolerance levels from the literature (Galstoff 1964, Epifanio and Sma
1975, Epifanio et al. 1975) were used as guidelines for acceptable water quality conditions
(Table 4-1). Temperature was measured daily with a submersible thermometer.
M o r t a l it y

and

D

is e a s e

Levels o f P. marinus infection were measured using the fluid thioglycolate method
(Ray 1966). A sample o f rectal tissue was obtained aseptically and incubated in
thioglycolate media for at least 7 d. The tissue sample was smeared on a glass microscope
slide, stained with Lugol’s iodine, and examined at 100X with brightfield microscopy for
presence ofhypno spores. Infection levels were assigned a value ranging fromO (no
detectable infection) to 6 (heavily infected, more than 1000 hypnospores in a 5-mm field)
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(Quick and Makin 1971). From these values, infection prevalence (percent infected
oysters per sample), intensity (average intensity o f infection among infected oysters), and
weighted incidence (average intensity o f infection for the entire sample) were calculated
(Quick and Makin 1971).
Table 4-1. Comparison o f observed and target water quality values in the recirculating
Parameter

Observed values

Target values

Salinity (ppt)

14.0 - 17.0

15.0

Temperature (°C)

13.0 - 26.0

15.0 - 25.0

Ammonia (mg/L)

0.10 - 4.2

0.0 - 5.5

Nitrite (mg/L)

0.05 - 1.90

0.0 - 460.0

PH

7.8 - 8.5

8.0 - 8.5

Dissolved oxygen (mg/L)

5.6 - 7.8

> 3.6

Dead oysters (individuals with gaping shells) were identified and removed from the
tanks daily. If possible, a small rectal tissue sample was collected and inspected for P.
marinus infection (12 o f 18).
Go n a d D

evelo pm ent

Gonad development was assayed histologically. Standardization o f sectioning is
necessary for histological comparisons among oysters (Morales-Alamo and Mann 1989).
Accordingly, processing involved removing a 4 to 5 mm cross-section o f each oyster just
posterior to the junction o f the labial palp and gill, and preserving this tissue in Davidson’s
fixative (Howard and Smith 1983). A 4-pm section was obtained ~1 mm from the
junction, mounted and stained with Gill’s hematoxylin and eosin (Howard and Smith
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Sections were characterized using features identified by Morales-Alamo and Mann

1983).
(1 9 8 9 ).

Gonad development was classified as one o f six stages (Table 4-2). For each

oyster sectioned, gametic stage and sex (male, female, hermaphrodite, or unidentifiable)
were recorded. Observations were made with brightfield microscopy at 100X. The mean
gametic stage for each sample was calculated.
Table 4-2. Gametic stages assigned to histological sections, and used to classify gonad
development in eastern oysters._____________________________________________
Stage
1 (immature)

Description
Follicles small and contracted. Some early sex cells (such
as pro-oogonia) may be visible.

2 (developing)

<5% of all gametes mature.

3 (early maturity)

6 to 50% of all gametes mature.

4 (maturity)

51 to 75% of all gametes mature.

5 (late maturity)

76 to 100% of all gametes mature.

6 (regression)

Proliferation of hemocytes and cyto lysis evident, some
mature cells may remain.

P h y s io l o g ic a l C o n d it io n

Physiological condition was closely monitored in this study for several reasons. A
primary concern was the usefulness of the algal paste as a complete food source for
oysters. Other concerns were the effect of temperature stress, water quality, and P.
marinas infection. Therefore, physiological condition was characterized with three assays,
two traditional condition indices and an assay based on the morphology of the digestive
diverticula.
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The two traditional condition indices used were the ratio o f dry tissue-to-dry shell
(Rainer and Mann 1992), and the ratio of dry tissue-to-wet tissue (Lucas and Benniger
1985). Oysters were cleaned o f external organisms and debris, opened, and the tissues
and shell separated and weighed (wet weight). Tissues and shells were dried at 1Q0°C for
48 h, dry weights were recorded, and the ratios calculated.
Histologic slides were used for evaluation of digestive diverticula atrophy based on
the methods o f Winstead (1995). The area o f the slide containing the digestive gland was
divided into four quadrants, and five tubules were measured from each quadrant, for a
total o f 20 measurements from each oyster. Evaluations were done with 100X phase
contrast microscopy, using image analysis software (Optimas® 5.1a, Bioscan, Inc.,
Edmunds, WA). The total tubule area and the tubule lumen area were outlined by hand
with a computer pointer (mouse), and the ratio o f lumen area to total area was calculated
and recorded in spreadsheet software (Microsoft Excel®, Microsoft Corp., Roselle, IL). A
diverticula score was calculated for each oyster as the average o f these 20 ratios, and a
mean diverticula score was calculated for each sample.
S t a t is t ic a l M e t h o d s

Data were analyzed with the General Linear Models procedure (SAS Inc., Cary,
NC). One-factor analysis of variance (ANOVA) was used to compare among mean values
of: weighted incidence o f P. marinus infection; gametic stages; dry tissue-to-dry shell
ratios; wet tissue-to-dry tissue ratios; and diverticula scores. A Duncan’s Multiple Range
Test was used to separate sample means. A significance level o f P < 0.05 was used in all
statistical analyses.
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R esu lts
W a t e r Q u a l it y

Water quality remained within the desired ranges throughout the study (Table 4-1).
The system maintained temperatures within 1°C o f the target temperatures (Fig. 4-2).
However, transient increases in ammonia concentration were observed in weeks 2 and 3 as
the temperature was increased (Fig. 4-2). The highest ammonia concentration was
recorded on day 16 (4.2 mg/L). By day 21, concentrations had declined (0.2 mg/L) and
remained negligible throughout the rest o f the experiment.
M o r t a l it y

and

D is e a s e

Mortality and P. marinus infection were low throughout the experiment. Of the
300 oysters stocked in the system, 13 deaths occurred during the acclimation period
(week 1), followed by 5 deaths over the next 7 weeks (Fig. 4-2). The weighted incidence
o f P. marinus infection did not exceed 1.00 (lowest level o f infection) during the study.
However, significant differences in weighted incidence o f infection were noted among
samples (P < 0.017) (Fig. 4-3). The highest observed weighted incidence o f infection
(0.70) was found in the week 7 field sample, followed by the week 7 laboratory sample
(0.65). The lowest observed level o f infection (0.10) was from the week I sample.
During the study, 12 o f the 18 oysters that died were examined for P. marinus infection.
O f these, 2 were found to be infected, and each had an infection level o f 1 (1 to 10
hypnospores per sample) (Table 4-3).
Gon a d D ev elo pm en t

Gametogenesis proceeded in the oysters during the experiment. At week 1, all of
the gamete scores in the oysters sampled (29 o f 29) were Stage 2 or lower (immature or
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Figure 4-2. Water temperature (open squares) m recirculating system over the 8-week
experiment. Daily (shaded columns) and cumulative mortality (line) are indicated. The
date (day 16) o f highest ammonia level (4.20 mg/L) is indicated by an arrow.
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Cumulative mortality

25

Figure 4-3. Weighted incidence o f Perkinsus marinus infection, mean gametic stages,
mean ratios o f dry tissue weight-to-dry shell weight, mean ratios o f dry tissue weight-towet tissue weight, and mean diverticula scores, over the 8-week experiment. Initial
samples are indicated with a square (these oysters were separated into laboratory and field
samples). Laboratory samples are indicated with a closed circle. Field controls are
indicated with an open circle. Bars indicate ± 1 standard error. Within each panel, points
sharing letters were not significantly different (P < 0.05).
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Table 4-3. Perkinsus marinus infection in eastern oysters during an 8-week study. Included is individual level of infection, prevalence
(percentage o f infected oysters), infection intensity (average level o f infection among infected oysters), and weighted incidence of
infection (mean level of infection for the entire sample) for each sample. Cumulative values for all dead oysters collected during the
study are presented at the bottom o f the table. *F, field sample; L, laboratory sample.
____________________________
Individual level of infection
Week

Sourc
e*

n

0

1

2

3

4

5

6

Prevalence

Intensity

Mean

1

F

20

18

2

0

0

0

0

0

10%

1.0

0.10

3

L

20

17

3

0

0

0

0

0

15%

1.0

0.15

5

L

20

18

1

1

0

0

0

0

10%

1.5

0.15

7

L

20

10

7

3

0

0

0

0

50%

1.3

0.65

7

F

20

11

5

3

1

0

0

0

45%

1.6

0.70

8

L

20

16

3

0

0

1

0

0

20%

1.8

0.35

8

F

20

17

1

2

0

0

0

0

15%

1.7

0.25

Cummulative
mortalities

L

12

10

2

0

0

0

0

0

17%

1.0

0.17

developing). By week 8,73% (22 o f 30) o f oysters sampled in the laboratory were at
Stages 4 or 5 (mature) (Table 4-4). However, 93% (28 o f 30) o f field oysters sampled in
week 8 were at Stages 4 or 5. The mean gametic stage increased through time (Fig. 4-3),
and significant differences were found (P < 0.0001) (Fig. 4-3). For all samples, the lowest
mean value (1.4) was observed in the initial sampling (week 1), and the highest mean value
(4.6) in the field sample at week 8. In the laboratory, a high value o f 3.9 was observed in
week 8. Gametic stage was significantly higher in each o f the field samples than in the
corresponding laboratory samples (Fig. 4-3).
P h y s io l o g ic a l C o n d it io n

Mean dry tissue-to-dry shell scores were significantly different among samples (P
< 0.0001), with field samples higher than laboratory samples, and laboratory samples
decreased after the first week (Fig. 4-3). The highest ratio (0.0284) was from the week 8
field sample. The week 1 initial ratio was 0.0241. Laboratory values after week 1 were
not significantly different (Table 4-4).
Mean dry tissue-to-wet tissue ratios were significantly different among samples (P
< 0.0001) (Fig. 4-3). The field samples from weeks 7 (0.216) and 8 (0.231) were highest.
The laboratory values from weeks 7 and 8 were significantly lower than the corresponding
field values (Fig. 4-3). The lowest laboratory value (0.141) was from the initial sampling
at week 1.
The mean diverticula scores from each sample were significantly different (P <
0.0001). Scores o f the field samples on weeks 7 and 8 were significantly lower than any
score obtained for laboratory samples (Fig. 4-3). The lowest observed score (0.142) was
from the week 7 field sample, and the highest (0.292) from the week 3 laboratory sample.
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Table 4-4. Gonadal development of eastern oysters during the 8-week study. Included is sample source and sample
size, sex, number of individuals at each stage of development (1-6), and mean gametic stage for the entire sample. *F,
field sample; L, laboratory sample. **M, male; F, female; H, hermaphrodite; U, unidentifiable.
Sex**
Week Source* n

u>

Gametic Stage

M

F

H

u

1

2

3

4

5

6

Mean

1

F

29

2

11

0

16

16

13

0

0

0

0

1.45

3

L

30

3

22

0

5

5

21

3

1

0

0

2.00

5

L

29

1

17

1

11

11

11

3

4

1

0

2.10

7

L

30

2

22

0

5

5

2

6

12

1

0

2.97

7

F

30

7

22

0

1

1

2

0

15

13

0

4.47

8

L

30

3

21

0

6

6

0

1

9

13

1

3.87

8

F

30

9

18

1

2

2

0

0

4

24

0

4.60

D i s c u s s io n

The goal o f this project was to develop techniques for holding and conditioning o f
C. virginica in a recirculating system. To achieve this, water quality, levels o f disease and
mortality, gametogenesis, and physiologic condition were monitored over an 8-week
period. Although oysters have been held for extended periods in recirculating systems
(Epifanio and Mootz 1976, Macmillan et al. 1994), there are no reports o f manipulation o f
gonadal maturation in such systems.
Water quality remained within desired ranges throughout the study. The required
control o f temperature for broodstock conditioning was achieved. However, ammonia
concentrations approached stressful levels during weeks 2 and 3, as the temperature was
increased to 25°C. It is likely that bacterial recolonization o f the biological filter was
unable to keep pace with increased metabolic activity o f the oysters, allowing nitrogenous
wastes to accumulate. Five d after peaking on day 16, ammonia levels decreased to
almost undetectable levels. With a higher stocking density (greater than 8.3 oysters/L),
ammonia concentration could have reached a stressful level.
Although infections by P. marinus can cause extensive mortalities in C. virginica,
and can reduce reproduction and physiological condition (Hoffman et al. 1995, Kennedy
et al. 1995), levels o f this parasite were low throughout the experiment. The percent o f
infected individuals in Gulf Coast populations o f C. virginica can be 100% (Craig et al.
1989). However, the initial infection incidence o f P. marinus in the oysters in this
experiment was 10% (Table 4-3). Although the technique used here to diagnose infection
was less sensitive than other techniques (e.g., full body burden), especially with light levels
of infection, high levels of infection would be obvious (Bushek et al. 1994). The mean

74
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

level o f infection for all samples remained less than 1.0 (lowest level o f infection) for the
entire 8 weeks o f the study. No mortalities during the experiment appeared to be due to
P. marinus infection. Most mortalities (13) occurred during week 1 before the
temperature was raised, and were presumably due to stress from harvesting, storage,
transport, and stocking. The low level o f mortalities (18 o f300 oysters) and P. marinus
infection suggest that other disease problems and severe stress due to poor nutrition or
water quality were not present.
In healthy eastern oysters, gametogenesis would be expected to proceed at a water
temperature o f 25°C, and during the study, the majority of the oysters in the system
reached maturity within 8 weeks. Because gametogenesis in oysters in coastal waters
begins during the time covered in this study (Shumway 1996), development was expected
in the field controls. However, at the end o f the study, oysters from the field control had a
higher mean level o f development. Nutrition is important in broodstock conditioning
(Robinson 1992, Munanaka and Lannan 1984), and it is probable that oysters in natural
waters obtained superior nutrition. Moreover, because artificial salt water was not
replaced in the laboratory system, the oysters in the natural environment may have
benefited from nutrients lacking or depleted in the laboratory. It should be noted that a
mixture of algal species fed to oysters enhanced long-term growth in a recirculating
system (Epifanio and Mootz 1976), while the oysters in this study were fed only a single
algal species (resuspended from paste) at any time.
Factors causing oysters to utilize energy reserves, such as starvation, disease,
spawning, or elevated temperatures, can cause a decrease in tissue weights and lower dry
tissue-to-dry shell ratios (Mann 1978, Gabbot and Walker 1971). In this study, this
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condition index in the laboratory was reduced after week I . The oysters came into the
laboratory in good condition, remained in good condition in the field, but declined in the
laboratory. Several explanations are possible. Spawning (Lucas and Beninger 1985) and
P. marinus infection (Paynter and Burreson 1991) can cause decreases in dry tissue-to-dry
shell ratios. Because little (if any) spawning occurred in the laboratory and field
populations, and P. marinus infection was low in each, the likely causes for the poorer
condition in the laboratory were temperature and nutrition. After week 2, oysters in the
laboratory were exposed to an average temperature o f ~25°C. A temperature-related
increase in metabolic demand coupled with potentially poorer nutrition in the laboratory
could have reduced condition. Previous studies with Ostrea edulis maintained for 4
weeks in flow-through systems showed decreased condition compared to field oysters,
attributable to higher temperature and less available food (Gabbot and Walker 1971).
Differences were observed when the ratio of dry tissue-to-wet tissue was
considered as an indicator of physiological condition. A high proportion of water in
tissues (and the associated low ratio o f dry tissue:wet tissue) indicates a state of depleted
energy reserves, possibly from starvation, disease, or winter conditions (Lucas and
Benniger 1985). The oysters apparently suffered stress before stocking, resulting in a
decreased ratio in the initial sample (week 1). Oysters recovered in the system and ratios
increased in the following weeks (although ratios decreased slightly in weeks 7 and 8, they
remained significantly higher than in the week 1 sample). The ratios from the field
samples o f weeks 7 and 8 were higher than in the laboratory samples from those weeks. A
decrease in this ratio has been reported for C. virginica in a food-limited environment
(Rheault and Rice 1996), and nutritional problems in the laboratory could have caused the
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differences observed between the field and laboratory samples. The decrease in weeks 7
and 8 in the laboratory was associated with a shift in the species o f algae being fed to the
oysters. For the last 2 weeks o f the study, Chaetocerus calcitrans replaced Isochrysis
galbana as the food source, possibly causing the observed decreases.
The final measurement o f physiological condition was based on morphology o f
digestive diverticula. This technique has been correlated with starvation or salinity stress,
and provides a general indicator o f stress in oysters (Winstead 1995). The tubule ratios
from weeks 1 and 3 were high as the oysters became acclimated to the increased
temperature and artificial environment. Scores then became significantly lower, indicating
reduced stress on the oysters in the laboratory, and possibly acclimation to the laboratory
environment. However, scores obtained from the field samples were significantly lower
than

the laboratory samples in weeks 7 and 8. These scores agreed with the other

measures o f condition and suggested that the oysters in the laboratory were more stressed
than

those in the field. Again, a probable explanation is that field oysters received a

superior diet.
In this study, gamete development was obvious in oysters held in the recirculating
system with temperature manipulation. Water quality was maintained despite temperature
changes, and mortality and disease were not problems. Oysters from field controls
achieved a higher level of gametic development in 8 weeks, and had a better physiological
condition, perhaps due to a more complete diet. This indicates a need for nutrition
improvement, but demonstrates that broodstock conditioning o f C. virginica is possible in
a closed, recirculating system.
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C h apter 5
L a b o r a t o r y - sc a le G a m e t e M a n ipu l a t io n o f E a st e r n O y st e r s fo r
T r a n sg e n ic R ese a r c h

I n t r o d u c t io n

The eastern oyster, Crassostrea virginica, is a commercially important aquatic
species in the United States, representing over 80% o f total oyster production (Lorio and
Malone 1994). Eastern oyster production has declined for several reasons, including
excessive harvest, disease, and loss o f habitat (Paynter 1996). Recently, the protozoan
parasites Haplosporidium nelsoni and Perkinsus marinus have severely impacted this
fishery (Ford and Tripp 1996, Paynter 1996). There is a need for research in disease
resistance and microbial elimination in oysters, and gene transfer research may lead to
advances in this area. To achieve this, it is necessary to develop techniques for the
manipulation o f oysters, gametes, and larvae in a small-scale laboratory environment.
Since the classic report on techniques for artificial production o f bivalve larvae
(LosanofF and Davis 1964), hatcheries for large-scale bivalve production have become
relatively common. Several hatchery manuals have been published (eg., Breese and
Malouf 1975, Dupuy et a l 1977), and reports on improvement o f hatchery methods can
be found (eg., Scura et a l 1979, Dupuy and Rivkin 1972, Rhodes and Landers 1973,
Coon et al. 1986). However, reports on methods for the research-scale production of
oyster larvae in a laboratory environment are rare.
Research on gene delivery to commercially important aquatic species is currently
underway in finfish and shellfish (Gong and Hew 1995, Sin 1997), with most work taking
place in finfish (Sin 1997). Electroporation is a common method for delivering genes to
gametes and embryos, and involves the use o f an electric current to create transient pores
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in the cell membrane, through which DNA can enter the cell (Shigekawa and Dower
1988). Electroporation o f sperm for gene delivery has been successful in several aquatic
species, including fishes (Walker and Seymonds 1994, Muller et al 1992) and abalone
(Tsai et aL 1997). In aquatic species, sperm mediated delivery o f DNA through
incubation only has been reported in sea u rch in s (Arrezzo 1989). Although eastern
oysters are highly fecund, the small size (~ 45 pm) o f eggs and embryos can be
problematic for genetic manipulation. Electroporation o f oyster sperm potentially
addresses these problems by allowing rapid transfection o f large numbers o f individuals
with minimal manipulation.
In the laboratory, numerous treatments with replication are necessary, which is
different from a hatchery where production is the primary goaL Additionally,
laboratories at LSU are located over 100 km from coastal areas and suitable natural
saltwater and natural food sources. This is a benefit in that concerns about the chance
release of genetically modified organisms (Kapuscinski and Hallerman 1991) to a
suitable environment are negligible. This is a problem in that natural food and water
sources that would greatly facilitate the laboratory-scale manipulation of gametes and
larvae production are not available. Therefore, the development of techniques for the
transport of broodstock from coastal areas, holding o f broodstock for gamete collection,
artificial fertilization o f gametes and propagation o f larvae, and methods for gene
delivery were necessary for the laboratory. Most o f the techniques developed were
modifications of large-scale hatchery technology or reports of oyster husbandry from the
literature. Along with techniques for maintenance and production of oysters in the
laboratory, reported here are techniques for gene transfer by electroporation o f sperm
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with the effect o f electroporation on percent fertilization, evidence o f successful gene
transfer, and evidence of transgene expression.
M eth o d s
O y s t e r C o l l e c t io n

Oysters were collected from the Louisiana Gulf Coast and transported to the
Louisiana State University oyster hatchery in Grand Isle, Louisiana (29°12’30”N,
90°02’30”W). Oysters were held there for gamete development, and transported as
needed to the LSU Aquaculture Research Station in Baton Rouge, Louisiana. Unless
otherwise indicated, these oysters were held in a recirculating system with artificial
seawater (ASW) at a salinity o f IS ppt for at least S d before use.
P r o d u c t io n

of

Larvae

Induction o f spawning was not feasible for this work. Access to fully mature
oysters was not always possible, and it was not possible to monitor oyster populations for
sufficient levels o f gonad development. Gametes can be collected and larvae produced
from oysters at various levels o f maturation by removing the gametes and fertilizing in
vitro (Allen and Bushek 1994, Rampersad et a l 1994).
Before gamete collection, oysters were scrubbed with a mild bleach solution (5%)
or were rinsed with 70% ethanoL Oysters were opened and visually inspected for gonad
maturity, indicated by a creamy color with prominent genital canals running throughout
the gonad. Mature oysters were selected and the meats rinsed with 70% ethanol followed
by ASW. All ASW (Hawaiian Marine Mix, Hawaiian Marine Imports, Houston, TX)
used was at a salinity o f 15 ppt and was passed through 10-pmand 1-pm filters, sterilized
with ultraviolet radiation, and passed through an activated carbon filter. A sample o f the
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gonad was taken with a capillary tube, smeared on a microscope slide, and 5 pi o f ASW
was added to the slide for microscopic observation at 200X. Sex was determined based
on the presence o f eggs or sperm in the samples.
Gametes were collected from individual oysters by first disrupting the gonad with
a scalpel blade, and then collecting'the gametes with a Pasteur pipette. To minimize
microbial contamination, disruption o f all tissues (especially the digestive gland) other
than gonadal tissues was avoided. The gametes were placed in a dry 50-ml beaker. Eggs
were suspended in ASW. Sperm were suspended in 0.45-pm filtered calcium-free
Hanks’ balanced salt solution (C-FHBSS) (Paniagua et aL 1998a) at 490 mOsmol/kg.
After microscopic examination (200X) for evidence of simultaneous hermaphrodites,
evidence of osmotic shock, and estimation o f sperm motility, gametes o f the same sex
were usually pooled. Males with sperm motility < 50% were discarded. Eggs were
washed through a 70-pm nylon screen, collected on a 15-pm screen, and suspended in
ASW. Sperm were washed through a 70-pm and a 15-pm nylon screen, and suspended
in C-FHBSS. To produce larvae, eggs were mixed with -500 sperm per egg in 1 L of
ASW. Eggs were examined for signs o f fertilization at 30 min, and transferred to a 5 L
bucket with ASW. Embryos were cultivated at a concentration o f 100 embryos per ml in
ASW for the first 24 to 48 h without air or food.
Although natural seawater (NSW) can outperform ASW in larvae production, it
was necessary to use ASW in the laboratory. It was prohibitive to transport large
volumes o f NSW long distances, and variability in batches o f NSW composition and
salinity could complicate experiments. The use o f artificial sea salt (Hawaiian Marine
Imports, Houston, TX) allowed larval production. Because o f the expense associated
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with ASW, techniques to recycle ASW were developed. To conserve water used for
larval culture, a 400-L water reconditioning system was set up, with a 10-pm, 1-pm, and
an activated carbon filter, and a 25-W ultraviolet light (Rainbow Plastics, El Monte, CA).
Water was removed from this system as needed for larval culture. After use, ASW could
be returned to this system, reconditioned, and reused.
B r o o d st o c k S t o r a g e

Two methods for holding broodstock were tested: 1) oysters stored refrigerated at
4°C in a walk-in cooler, and 2) oysters placed in a recirculating holding system. Oysters
were held in a 2000-L system with a 0.3-m3 upwelling bead filter (Malone et al. 1993)
and a 25-W ultraviolet light to reduce bacterial numbers. The system was filled with
natural seawater and the salinity was adjusted to 15 ppt with fresh water. Oysters were
fed a diet of Chaetocerus mulleri or Isochrysis galbana as a paste as described previously
(Buchanan et a l 1998).
Mature oysters were brought from coastal Louisiana and stored for 24 h at 4°C or
at room temperature in the recirculating holding system. After holding for 24 h, three
males and three females from each treatment were opened. Gametes were extracted and
larvae produced as described above, with three replicates for each treatment. Fertilized
eggs were placed at 100 per ml in beakers with 300 ml o f 0.45-pm filtered NSW. After
24 h, the NSW was thoroughly mixed, and two 1-ml samples were taken from each
beaker. Larval survival was determined by counting the number of live larvae in 1-ml
aliquots in a Sedgewick-Rafter chamber (Hausser Scientific Partnership, Horsham,
Pennsylvania). This protocol was repeated after holding oysters for 6 d.
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B r o o d s t o c k A c c l im a t io n

To simplify research and to standardize experiments, it was desirable to work
with solutions at a consistent osmolality, -475 mOsmol/kg (—15 ppt). Because oysters
are euryhaline organisms, they can become naturally acclimated to a wide range of
salinities (Shumway 1996). Holding broodstock in a recirculating system may allow
oysters to acclimate to laboratory osmolalities. To document this, ripe oysters from a low
salinity area (~5 ppt) were transported to the laboratory. Gametes were collected and
fertilized as described above from the pooled gametes o f three females and two males.
Fertilized eggs were placed at 100 per ml in 3 beakers with 300 ml of 0.45p-filtered
NSW. At 12 h and 24 h larval survival was determined by counting the number o f live
larvae in 1-ml aliquots in a Sedgewick-Rafrer chamber. The rem aining oysters were
placed in the recirculating holding system with ASW at 15 ppt. After holding oysters for
5 d, this protocol was repeated.
B

r o o d st o c k

V a r ia b il it y

To examine variability in broodstock larval production, gametes were collected as
described above from four females and two males. Broodstock were held in the
laboratory for at least 5 d before use. Eggs from each female were fertilized with 500
sperm per egg from each male, and fertilized eggs were placed at 100 per ml in 300-ml
NSW filtered at 0.45 pm. After 24 hr, larval survival was determined by counting the
number o f live larvae in 1-ml aliquots in a Sedgewick-Rafter chamber. Counting was
repeated at 48 h.
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L a r v a l R e q u ir e m e n t o f a e r a t io n

The effect o f aeration on larval survival was investigated. Eggs and sperm were
collected and fertilized from the pooled gametes o f three males and three females as
described above. Fertilized eggs were placed at SO per ml in 1-L volumes of ASW in
plastic beakers with or without aeration, each treatment with four replicates. After 24 h,
1-ml aliquots o f larvae were collected from each beaker. Larval survival was determined
by counting the number o f live larvae in each 1-ml aliquot with a Sedgewick-Rafter
counting chamber. Counting was repeated at 48 h.
L a r v a l C o n t a in e r V o l u m e

Larvae were grown for 48 h at the same concentration in culture vessels of
various sizes to determine any effect o f culture volume on larval survival. Gametes were
collected and pooled from three male and three female oysters as described above. After
fertilization, eggs were added at a concentration of 35 per ml to the following total
volumes o f ASW: 50, 100,1000,8000, and 15000 ml, each treatment with two replicates.
After 24 h, two 1-ml aliquots were taken from each container and the number of live
larvae in each sample was counted with a Sedgewick-Rafter chamber. Counting was
repeated at 48 h.
V ectors

and

DNA P r e p a r a t io n

The gene used for delivery in this study was red-shifted green fluorescent protein
(rsGFP), on plasmid pS65T-Cl (Clontech Inc, Palo Alto, CA). The use of various forms
of green fluorescent protein (GFP), originally isolated from the jellyfish Aequorea
victoria (Chalfie et al. 1993), as a reporter protein is well characterized and has been used
in many species including zebrafish (Higashijima et a l 1997) and sea urchins (Araone et
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aL 1997). A modified form o f the original GFP isolate, rsGFP absorbs light at a maxima
o f 490 nm and emits green light with a m axim a at 510 nm (Heim et aL 1995). Because
this protein does not require any substrates, co-factors, or enzymes for its fluorescence, it
can be easily detected in living cells, making it a useful indicator o f successful
transfection. Sperm were also electroporated with pPC-6, a plasmid that does not contain
rsGFP.
Escherichia coli strain DH5a transformed with the plasmid of interest were
grown overnight in Luria-Bertani (LB) broth at 37°C. Plasmid DNA was extracted and
purified using a QIAFiker Plasmid Maxiprep kit (Qiagen Inc., Valencia, CA), and DNA
was dissolved in distilled water (ctt^O) for use. Concentration and purity o f DNA were
estimated by spectrophotometry (GeneQuant RNA/DNA Calculator, Pharmacia Biotech,
Piscataway, NJ) and agarose gel electrophoresis.
E f f e c t o f S p e r m E l e c t r o p o r a t io n -q v

fkrttt iz a t io n

Oysters were collected and acclimated to laboratory conditions as described
previously. Gametes were extracted and pooled from three male and three female oysters
as described above. Pooled sperm concentration was 0.5 x 109 sperm per ml in C-FHBSS
with an initial motility o f-75% . Sperm samples were electroporated at various
conditions (Table 5-1). Each treatment received 0.8 ml o f sperm, plus DNA in selected
treatments. Sperm samples were incubated at room temperature for 10 min,
electroporated, and incubated another 10 min before use.
After electroporation, aliquots o f sperm from each treatment were used to fertilize
-125,000 eggs (500 sperm/egg) in 100 ml ASW in plastic beakers. At 5 h after
electroporation, a 1-ml sample was taken from all embryo cultures, fixed in 9% formalin,
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Table 5-1. Effect on fertilization o f electroporation o f eastern oyster sperm. Percent fertilization was measured 6 h after mixing
sperm and eggs at 500 sperm per egg. The was no detectable difference in percent fertilization for all treatments (P - 0.5529).
Treatment

Voltage
(V/cm)

Capacitance

m

DNA
(pg)

Time Constant
(msec)

Percent Fertilization
(mean 1 standard error)

1

3750

25

3 pg pPC-6

0.3

28.8 ±1.3

2

3750

3

3 pg pPC-6

0.1

26.8 ±1.5

3

3750

25

3 pgpS65T-Cl

0.3

31.7 ±0.9

4

3750

3

3 pg pS65T-Cl

0.1

29.9 ±2.0

5

0

0

3 pg pPC-6

na

27.6 ±1.8

6

0

0

3 pg pS65T-Cl

na

30.1 ± 1.7

7

3750

25

none

0.3

29.7 ±0.4

8

3750

25

none

0.3

31.6 ±3.4

and stored at 4°C until use. Percent fertilization was calculated by counting
approximately 150 unfertilized eggs or embryos in each sample, and dividing the number
of embryos by the total number counted. Fertilization was defined as having occurred if
eggs had undergone cleavage. Samples were counted in 24-well plates with an inverted
microscope at 200X. After sampling, the volume in all beakers was raised to 500 ml.
After 20 h, larval samples were collected on a 26-pm nylon mesh screen, washed twice
with ASW, and stored at -120°C for later DNA analysis.
PCR A n a l y s is
DNA was extracted from samples o f 500-1000 larvae using a QIAamp Tissue Kit
(Qiagen Inc., Valencia, CA). Polymerase chain reaction (PCR) amplification of a native
oyster gene from the DNA extraction for each sample would indicate that DNA
extraction was successful for that sample tested (oyster DNA was present in the PCR
reaction), and that few PCR inhibitors were present in the DNA extracted. To validate
that DNA extraction was successful for all samples, PCR was conducted with primers
designed from the oyster 28s rRNA gene sequence (Littlewood 1994) with PC/Gene
computer software (Intelligenetics, Mountain View, CA). The primers were GCT-AAATAC-TTC-CCG-AGT-CCG-ATA-GC and GCA-CCT-TCC-TCC-AGC-TCT-TCT-GAC
(5’ to 3’). Each reaction volume was 100 pi and contained 0.5 pM each primer, 200 pM
of each deoxynucleotide triphoshate (dNTP), 1.0 mM MgCl2, 1 pi DMSO, 2.5 U
AmpliTaq DNA polymerase (Perkin Elmer, Foster City, CA), and 1-X AmpliTaq buffer
(Perkin Elmer). After heating to 95°C for 2 min, PCR reaction conditions were 35 cycles
at 95°C for 30 s, 63°C for 30 s, and 72°C for 1 min. Reaction products were separated
electrophoretically on a 1% agarose gel, stained with ethidium bromide, and visualized
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with an ultraviolet transilluminator. The primers described above produce and amplify a
286 base pair (bp) DNA fragment from the oyster 28s rRNA gene. The presence o f this
band on an agarose gel after PCR (a positive reaction) indicated the presence of oyster
DNA in the sample.
The presence o f rsGFP was assayed with primers designed from the pS65T-Cl
sequence for rsGFP (Clonetech Inc., Palo Alto, CA) with PC/Gene computer software
(Intelligenetics, Mountain View, CA). The primers were GTC-AGT-GGA-GAG-GGTGAA-GGT-GAT-GCA-AC and GAA-AGG-GCA-GAT-TGT-GTG-GAC-AGG-TAATG (5’ to 3’). Reaction volumes of 100 pi were used with the following final
concentrations: 0.2 pM each primer, 100 pM each dNTP, 1.5 U Vent polymerase (New
England Biolabs, Inc., Beverly, MA), and 1-X Thermpol PCR buffer (New England
Biolabs). After heating to 95°C for 2 min, PCR reaction conditions were 30 cycles at
95°C for 1 m, 63°C for 1 m, and 72°C for 1 m. Reaction products were separated
electrophoretically on a 1% agarose gel, stained with ethidium bromide, and visualized
on a ultraviolet transilluminator. The primers described above were designed to produce
and amplify a 539 bp product from rsGFP. The presence of this band after PCR (a
positive reaction) indicated the presence o f rsGFP in the sample tested.
V is u a l iz a t io n

of

GPP

Samples o f trocophore and straigh-hinge larvae were observed with fluorescent
microscopy for expression of rsGFP. Using a standard fluorescein isothiocyanate (FITC)
filter set, larvae expressing rsGFP would be expected to fluoresce green compared to
nontransfected controls, which would not be expected to exhibit green fluorescence
brighter than background autofluorescence. Larvae in 30 pi of ASW were placed on a
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glass microscope slide and covered with a glass coverslip. The larvae were examined for
green fluorescence with a fluorescent compound microscope (Microphot-SA, Nikon Inc.)
at400X.
S t a t is t ic a l M e t h o d s

Data were analyzed statistically with the General Linear Models procedure (SAS
Inc., Cary, NC). A one-way analysis o f variance (ANOVA) was used to compare mean
values for each treatment within an experiment. For treatments with data reported as a
percentage, an arcsin transformation was performed to better approximate a normal
distribution (Zar et a l 1984). A Duncan's Multiple Range Test was used to separate
sample means. For analysis o f broodstock variability, a two-way ANOVA was used to
examine the effect o f each male and female on larval production, and to look for
interaction. A significance level o f P < 0.0S was used in all statistical analyses.
R esu lts
B rood sto ck Sto r a g e

At 24 h, there was no significant difference (P = 0.5529) in the number o f larvae
produced from oysters stored refrigerated (19.3/ml) or in a holding system (17.3/ml)
(Fig. 5-1). However, after storage for 6 d, there were almost no larvae produced from
oysters stored refrigerated (0.3/ml), while larvae were produced at 19.8/ml from oysters
stored in the recirculating holding system (Fig. 5-1). The number o f larvae produced
after 6 d in the holding system was not significantly different from the number o f larvae
produced after 24 h in the holding system (P > 0.05), implying gamete quality was
maintained after holding oysters for 6 d.
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Refrigerated

Holding system

Figure 5-1. Larvae production from eastern oyster broodstock after storage for 24 h
(black bars) or 6d (open bars) at 4°C in a walk-in cooler or in a recirculating holding
system. Fertilized eggs were stocked at 100/mL Reported values are number o f straighthinge larvae/ml in 300 ml culture volume (mean ± standard error) after 24 h.
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B r o o d s t o c k A c c l im a t io n

The recirculating holding system proved effective at allowing oysters to acclimate
to laboratory conditions. Unacclimated oyster eggs responded poorly to laboratory
osmolality (Fig. 5-2), and fertilization and survival to straight-hinge larvae was low (6.7
larvae/ml). After 5d, oyster eggs responded in typical fashion to laboratory osmolality,
and success in producing larvae from these gametes was greatly enhanced (57 larvae/ml)
(Fig. 5-2). Significantly more larvae were produced from oysters after the 5 d
acclimation (P < 0.0001). The osmotic effect on these gametes was verified
microscopically.
B r o o d s t o c k V a r ia b il it y

Differences were detected in production o f larvae from various crosses (P =
0.0454) (Fig. 5-3). The male used significantly affected the number o f larvae produced
(P = 0.0360). Fertilization with male 2 produced consistently higher numbers o f larvae
compared to male 1. The female used significantly affected the number o f larvae
produced (P - 0.0207). Female 3 produced significantly fewer larvae than all other
females. No interaction between males and females was detected (P = 0.6671).
L a r v a l R e q u ir e m e n t o f A e r a t io n

No differences in larval survival with or without aeration were detected at 24 h (P
= 0.8116) or 48 h (P = 0.8319) (Fig. 5-4). This implies that larvae cultured to 48 h
without food survive equally well with or without aeration.
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Figure 5-2. Larvae production from eastern oyster broodstock from low salinity area (< 5
ppt) before and after holding in a recirculating system (15 ppt). Fertilized eggs were
stocked at 100/mL Reported values are number o f straight-hinge larvae/ml in 300-ml
culture volume (mean ± standard error) at 12 (black bars) and 24 h (open bars).
Significantly more larvae were produced after acclimation o f broodstock (P < 0.0001).
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40 -

Figure 5-3. Larvae production from eastern oyster broodstock after specific male to
female crosses. Sperm from 2 males was used to separately fertilize eggs from 4 females.
Larvae from female 1 indicated by black bars, female 2 by open bars, female 3 by
hatched bars, and female 4 by speckled bars. Fertilized eggs were stocked at 100/mL
Reported values are number o f straight-hinge larvae per ml in 300 ml (mean ± standard
error).
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Figure 5-4. Eastern oyster larval survival with (black bars) or without (open bars)
aeration. Fertilized eggs were stocked at 50 per ml. Reported values are number o f
straight-hinge larvae per ml in 1-L culture volume (mean ± standard error) at 24 and 48 h.
No significant differences were detected {P = 0.8116).
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L a r v a l C o n t a in e r V o l u m e

Differences in larval survival in various culture volumes were not detected at 24 h
(P = 0.6439) or 48 h (P = 0.4453) (Fig. 5-5). Culture volume did not appear to affect
short-term larval survival.
E f f e c t o f S p e r m E l e c t r o p o r a t io n

on

F e r t t t jz a t io n

Treatment o f sperm with electroporation or DNA had no detectable effect on
percent fertilization (P = 0.5529) (Table 5-1). There was no difference in percent
fertilization whether using sperm incubated with DNA, electroporated without DNA, or
electroporated with DNA.
PCR A n a l y s is a n d GFP V is h a i iz a t io n
Positive PCR results for the presence o f rsGFP were obtained from larvae
collected at 24 and 48 hours after transfection (Fig. 5-6). Only larvae samples positive
for the presence o f oyster 28s DNA were used for detection o f rsGFP. Samples of larvae
produced from sperm electroporated with DNA were positive for rsGFP, while larvae
electroporated without DNA were negative. Larvae produced from sperm incubated with
DNA only were not positive for rsGFP, and rsGFP expression was only observed in
larvae produced from sperm electroporated with DNA (Fig. 5-7). However, these larvae
were very rare (< 1 in 1000).
D is c u ss io n

Collection o f high quality gametes and reliable production o f larvae is a necessary
prerequisite for laboratory-scale research in oyster genetics, especially gene transfer. In
this study, techniques for gamete collection and larval production for work in oyster
genetics were reported, along with evidence o f successful gene insertion and expression.
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Figure 5-5. Eastern oyster larval survival in containers o f various volumes. Fertilized
eggs were stocked at 100/ml. Reported values are number o f straight-hinge larvae per ml
culture volume (mean ± standard error) at 24 (black bars) and 48 h (open bars). No
significant differences were detected (P —0.4453)
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1000 bp
500 bJ

Figure 5-6. Agarose gel with results of PCR on eastern oyster larvae produced from
electroporated sperm. Lane 1 was loaded with a 100-base pair (bp) ladder DNA marker.
PCR on samples A and B were with DNA extracted from 500-1000 pooled oyster larvae
produced from treatments with sperm electroporated with pS65T-Cl. PCR on samples C
and D were with DNA extracted from 500-1000 pooled larvae produced from treatments
with sperm electroporated with no DNA. Lanes 2-5 contain results from PCR to detect
the 28s gene (286 bp product) in oyster DNA. Lanes 6-9 contain results from PCR to
detect rsGFP (539 bp product).
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li

Figure 5-7. Expression o f the gene for red-shifted green fluorescent protein (rsGFP ) in trochophore eastern oyster larvae produced
from sperm electroporated with pS65T-Cl, Panel A, brightfleld micrograph; panel B, fluorescent micrograph. Larva indicated by
arrow is expressing rsGFP. Micrographs were produced with a compound microscope at 400X.

A concern for this project was the distance o f the laboratory from the L ouisiana
coast. Different techniques for oyster transport from the coast were considered, and
storage o f broodstock in the laboratory was necessary. Holding broodstock in a
recirculating system proved to be most effective for storage of broodstock in the
laboratory for an extended period of time. While it has been documented that oysters can
survive for extended periods (months) out o f water at low temperatures without lasting
detrimental effects (Seaman 1991, Medcof 1959), gamete quality suffers.
The placement o f oysters in a holding system was found to have other benefits.
All o f the buffers and solutions used in larval manipulation were standardized at 15 ppt
(~ 475 mOsmol/kg) for reduction of variation between experiments and for solution
preparation. Osmolality can affect gamete quality, and oysters from natural
environments must be acclimated to osmolarities used in the laboratory. Hemolymph
osmotic pressure can conform to environmental salinity for changes up to 20 ppt within
48 h (Bokman and Laughlin 1989). From the data presented here, oyster gametes were
able to adjust osmotically within 5 d in 15 ppt ASW. Holding oysters at least 5 d allowed
acclimation to the laboratory conditions.
One problem with placing oysters in a recirculating holding system was the
potential for spawning in the system. This problem was addressed by using a chiller to
reduce water temperature to 20°C. Gonad development can occur at temperatures below
which spawning occurs in eastern oysters (Shumway 1996). In the northern Gulf o f
Mexico, gonad develoment can occur at < 20°C, while spawning rarely occurs at < 25°C
(Hayes and Menzel 1981). When held at 20°C, spawning was inhibited but mature
gametes were retained (Paniagua et aL 1999). Infect, oysters could routinely be held for
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several months if fed a live algae. (Isochrysis galbana or Chaetocerus muelleri). Gonad
maturation can occur in this system as well (Buchanan et al. 1998).
The 5-d acclimation period in the holding system allowed oysters that were
stressed or weakened in transport to recover or die (potentially reducing bacterial
contamination o f gametes and larvae), hi the laboratory, physiological condition o f
oysters stressed by harvest and transport improved after a week in a holding system
(Buchanan et aL 1998). There are physiological consequences o f holding bivalves in the
laboratory long term (Bayne and Thompson 1970, Buchanan et al. 1998), but useful
gametes were extracted from these oysters for several months. Additionally, eastern
oysters held in water sterilized with ultraviolet light had reduced bacterial loads after 5 d
(Burkhardt et aL 1992), and holding oysters in chilled water and supplying food may
further facilitate elimination o f m icroorganism s (Raymond 1990). Bacterial
contamination o f larval cultures has been a problem in small-scale larval culture. In
addition to allowing long-term holding of oysters, inhibition of spawning, recovery from
transit stress, and acclimation to laboratory osmolalities, a holding period in a
recirculating system may reduce bacterial contamination of larval cultures.
Aeration has been found to adversely affect small sterile cultures o f C. gigas, and
to lead to microbial contamination (Langdon et aL 1983). Aeration has also been shown
to be unnecessary for the small-scale culture o f C. rhizophorae (Bernadete et aL 1994).
Container volume and lack o f aeration did not affect larval production o f eastern oysters;
this greatly facilitated experimental replication, and also prevented the contamination o f
cultures through air stones and air. Further, the chance for contamination o f larvae
among treatments via aerosols, a concern in genetics studies, was avoided.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Variability in larval production from specific crosses o f adults was observed.
Because in vitro fertilization, with gametes artificially removed from adults, was used to
produce larvae, gametes could be at varying degrees o f maturity, resulting in differential
survival and contributing to variability. However, variability in fertilization and larval
survival depending on specific adult cross in oysters has been documented (Gaffney et al.
1993). To maximize percent fertilization, reduce problems associated with specific
crosses, and to produce enough gametes and larvae for large experiments, gametes were
pooled from three or more oysters o f each sex for fertilization for research. This reduced
variability and provided enough gametes for large experiments.
Polyspermy is not a concern in artificial fertilization when using a sperm to egg
ratio o f500 to 1 (Allegiero and Wright 1983). The apparent lack o f effect o f
electroporation o f sperm on percent fertilization is not surprising. Because so many
sperm are present in a sample, and eggs are fertilized at a ratio o f 500 sperm per egg,
barring interference from DNA even a relatively high sperm mortality rate (50% for
example) would not greatly affect overall percent fertilization. Similarly, electroporation
of sperm of Japanese abalone, Haliotis divorsicolor, did not decreases fertilization (Tsai
et al 1997). However, reduced fertilization after sperm electroporation has been reported
in chinook salmon, Oncorhynchus tshawytsche, (Walker and Seymonds 1994).
Electroporation o f sperm produced larvae with rsGFP. Expression o f this gene
was identified in trochophore and straight-hinge larvae, although the number o f larvae
observed expressing rsGFP was tow (<1 in 1000). It may be that the promoter used
(CMV) in this study allows only low levels o f gene expression in oyster larvae. This
promoter has recently been shown to function in C. gigas (Boulo et a l 1996, Cadoret et
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al. 1997), but at lower levels than other invertebrate promoters in vitro (Boulo et al.
1996). Alternatively, the efficiency o f transfection may have been low. The true
efficiency o f transfection is not known at this time. Because of the small size o f oyster
larvae (45-70 pm), PCR for transgene detection has been done only on pooled samples o f
500-1000 larvae.
Incubation o f sperm with DNA as a method o f transfection has been reported, but
remains controversial. Transgenic mice have been produced by simply incubating sperm
cells with DNA (Lavitrano et aL 1989). This technique has proven difficult to replicate
in other species, and even in mice, this technique has failed (Brinster et aL 1989). In
other cases, DNA uptake by mice sperm cells was documented, but it was not possible to
generate transgenic mice with this sperm (Bachiller et aL 1991, Hochi et a l 1990). In
rainbow trout, transfection was unsuccessful using sperm incubated with DNA
(Chourrout and Perrot 1992). In sea urchins, transgenic larvae have been produced after
incubation o f sperm with DNA (Arrezzo et al. 1989). Recently, it has been suggested
that membrane disruption o f sperm cells makes the sperm membrane more effective at
binding DNA and transferring that DNA to eggs (Perry et a l 1999). Aside from
traditional concepts o f electroporation for gene delivery, it may be that electroporation
damages the sperm cell membrane, allowing DNA to bind and more effective DNA
delivery to the oyster egg. Transgenic common carp or African catfish were not
produced after incubation o f sperm with DNA, however transgenic fish o f both species
were produced after electroporation of sperm with DNA (Muller et al 1992).
In this study, techniques for producing and manipulating oyster gametes in a
laboratory setting are described. The techniques reported here are amenable to
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experimental replication and allow work on oysters at a distance from coastal areas.
These culture techniques have been useful in developing techniques in cold storage and
cryopreservation o f oyster gametes and embryos (Paniagau et a l 1998a, Paniagua et al.
1998b). Additionally, reported here is the first evidence o f gene insertion and expression
in Crassostrea virginica. With further optimization, electroporation of oyster sperm will
become a useful method for the large-scale production o f transgenic oysters.
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C h a pter 6
T r a n s f e c t io n o f E a s t e r n O y s t e r E m b r y o s
I n t r o d u c t io n

In Louisiana, over 120,000 hectares of bottom area are privately leased for
production o f the eastern oyster, Crassostrea virginica (Keithly et aL 1993). With an
annual economic value in the hundreds o f millions dollars in the United States, this
estuarine organism comprises an important national fishery (NMFS 1999). Recently,
disease problems from protozoan parasites have plagued this industry (Ford and Tripp
1996, Paynter 1996). The transfer o f human pathogens (such as Vibrio vulnificus) from
oysters to human consumers has become a serious concern for the industry as well
(Jackson et al. 1997). The use o f hatcheries to supplement natural fisheries is common in
the culture o f bivalves. In these situations, bacterial contamination of larval cultures can
result in severe mortalities and loss o f cultures (Tubiash 1975, Elston 1984), especially
outbreaks o f larval vibriosis (Brown and Losee 1978, Ford and Tripp 1996). Techniques
for gene transfer in the eastern oyster are under investigation as a means o f addressing
these problems.
Research on gene delivery to commercially important aquatic species is currently
underway in finfish and shellfish (Gong and Hew 1995, Sin 1997). Most work involves
the transfer o f genes to gametes or embryos and has taken place in finfish (Sin 1997).
There are reports of successful gene transfer in shellfish, covering a wide range o f
techniques including microinjection, lipofection, electroporation, biolistic transfection,
and retroviral transfection (Table 6-1). DNA has been delivered to cell types such as
eggs, sperm, and embryos. Although shellfish are typically highly fecund, the small size
of eggs and embryos can be problematic for genetic manipulation. Two methods for gene
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Table 6-1. Reports of successiul gene transfer in shellfish.
Species

Common name

Technique

Life stage

Reference

Haliotis rufescens

red abalone

electroporation

embryo

Powers et al. 1995

lipofection

sperm

Tsai et al, 1997

Haliotis divorsicolor Japanese abalone
Mulina lateralis

dwarf surf clam

retrovirus with electroporation fertilized egg

Crassostrea gigas

Pacific oyster

particle gun bombardment

embryo

Cadoret et al. 1997a

Crassostrea gigas

Pacific oyster

microinjection

egg and embryo

Cadoret etal. 1997b

Panaeus schmitti

white shrimp

microinjection and

fertilized egg

Pimentel et al. 1997

electroporation

Lu et al. 1996

delivery suitable for working with large numbers o f small oyster embryos were tested in
this study: electroporation and chemically mediated transfection.
Electroporation involves the use of an electric current to create transient pores in
the cell membrane, through which DNA can enter the cell (Shigekawa and Dower 1988).
This technique has been used successfully to deliver DNA to abalone embryos, Haliotis
rufescens, (Powers et aL 1 9 9 5 ) and the gametes o f several fishes (Powers et al. 1992).
Chemically mediated transfection involves the interaction o f a chemical with DNA and
the cell membrane to allow DNA to enter the cell. Cationic lipids are often used in this
m anner

to deliver DNA to a cell (lipofection) (Feigner et al. 1987), and have been used to

deliver DNA to abalone sperm, Haliotis divorsicolr, (Tsai et aL 1997) and fish embryos,
Clanus gariepinus, (Szelei et aL 1994). As an alternative to lipids, synthetic cationic
polymers have been developed for DNA delivery. For example, activated
polyamidoamine dendrimers (Haensler and Szoka 1 9 9 3 , Tang et al. 1996) have been used
to deliver DNA at high efficiencies in vitro (Kukowska-Latolla et aL 1996). This work
made use o f an activated polyamidoamine dendrimer solution available commercially as
SuperFect™ (Qiagen Inc., Valencia, CA). There are no reports o f the use o f activated
polyamidoamines to deliver genes to whole organisms.
*■

Not only does the small size of bivalve gametes and embryos make transfection
difficult, but selection o f transformed larvae becomes difficult as well. There are obvious
problems observing evidence o f gene expression in larvae that range in size from 4 5 pm
to 2 5 0 pm. In cell culture, transfection of cells with a gene for antibiotic resistance and
subsequent treatment o f that culture with toxic concentrations o f antibiotic is an effective
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method for selecting transfected cells. Development o f such a selection method for
bivalve larvae would be useful.
One o f the genes most commonly used in cell culture for transmission of
antibiotic resistance is the aminoglycoside phosphotransferase II (APT) gene (neor),
which confers resistance to neomycin and related antibiotics, such as G418 (Ausebel et
a l 1999). Although bacterial in origin, this gene and its product function effectively in
eukaryotic cells, particularly when used for selection with the antibiotic G418 (which
inhibits protein synthesis) (Colbere-Garapin et al. 1981, Southern and Berg 1982).
Although commonly used in vitro, this gene has been successfully transferred to
organisms.
Neor insertion and evidence o f gene expression have been reported in mice (Kaur
et aL 1998), fishes (Yoon et aL 1990, Gibbs et aL 1994, Szeiei et aL 1994), Giardia (Yu
et aL 1996), trypanosomes (ten Asbroek et aL 1990), fruit flies (Steller and Pirrotta 1985),
and tobacco plants (Paszkowski et aL 1992). Successful insertion o f neor has been
reported for dwarf surfclams (Lu et a l 1996), although gene expression was not
documented. At the organismal level, there are few reports o f transfection with neor,
expression o f the gene, and resistance to antibiotic toxicity. In protozoans, the unicellular
parasites Giardia lamblia (Yu et aL 1996) and Trypanosoma brucei (ten Asbroek et aL
1990) have been successfully transformed with neor and selected in culture with G418.
In multicellular animals, the only conferral of antibiotic resistance reported for an entire
organism was the successful selection o f transgenic fruit fly larvae with food containing
G418 after transfection with neor (Steller and Pirrotta 1985). Cell lines started from mice
transfected with neor have shown resistance to G418 in vitro (Kaur et aL 1998). There

115
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

are no reports o f antibiotic resistance based on neor expression in an aquatic species.
Attempts at selection with G418 after transfection with neor have been unsuccessful in
zebrafish (Gibbs et aL 1994) and goldfish (Yoon et aL 1990).
The goal o f this study was to develop techniques useful for the transfection of
eastern oyster embryos, and techniques for selection o f transfected embryos with
antibiotic resistance. Specifically, objectives were to: 1) develop conditions and
techniques for gene delivery by electroporation o f embryos; 2) develop conditions and
techniques for gene delivery by transfection o f embryos with polyamidoamine
dendrimers (SuperFect™); 3) develop conditions and techniques for antibiotic challenge
o f larvae; and 4) transfect embryos and demonstrate larval resistance to the antibiotic
G418.
M eth ods
O y s t e r C o l l e c t io n

Adult oysters were collected from the Louisiana Gulf Coast from May through
September. These oysters were held at the Louisiana State University Aquaculture
Research Station in a recirculating system with artificial seawater at 15 ppt for at least 5 d
before use. This holding period allows oyster recovery from transport and acclimation to
salinity and osmolality used in the laboratory.
E m bryo

p r e p a r a t io n

Embryos were produced using artificial fertilization. Oysters were opened,
gametes extracted, and artificial fertilization carried out as described previously (Chapter
5). Artificial fertilization involved the mixture o f 2-10 million eggs with -500 sperm per
egg in a 1-L beaker with ASW. Eggs were examined for signs o f fertilization at 30 min,
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and then transferred to a 5-L bucket with ASW. After 3 h, embryos were concentrated by
siphoning water from the top o f the bucket and rinsing settled embryos into a beaker, or
by screening the contents o f the bucket and catching embryos on a 35-pm nylon screen.
The development and percent fertilization o f the embryos were exam ined, and batches
with less than 25% fertilization were not used.
DNA P r e p a r a t io n
Plasmid pS65T-Cl was purchased commercially (Qontech Inc., Palo Alto, CA),
and carries the genes for aminoglycoside phosphotransferase (neor) and red-shifted green
fluorescent protein (rsGFP) (Heim et aL 1995). Neor is driven by the sim ian virus 40
early promoter (SV40) and allows for selection o f transfected cells by conferring
resistance to the antibiotic G418 (Ausebel et aL 1999). Driven by the immediate-early
promoter from human cytomegalovirus (CMV), rsGFP is a commonly used reporter gene
(Chalfie et aL 1994, Amone et aL 1997). The protein rsGFP absorbs light at a m axim a of
490 nm and emits at a maxima o f 510 nm. Thus, expression of this protein can be
visualized with a fluorescent microscope with a standard fluorescein isothiocyanate
(FITC) filter set.
Escherichia coli strain DH5a transformed with pS65T-Cl was grown overnight
in Luria-Bertani (LB) broth at 37°C. Plasmid DNA was extracted and purified using a
QIAFilter Plasmid Maxiprep kit (Qiagen Inc., Valencia, CA), and DNA was dissolved in
distilled, deionized water (ddHaO) and stored at -20°C until use. Concentration and
purity o f DNA were estimated by spectrophotometry (GeneQuant RNA/DNA Calculator,
Pharmacia Biotech, Piscataway, NJ) and agarose gel electrophoresis.
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E x p e r im e n t 1 - E f f e c t o f E l e c t r o p o r a t io n

on

E m b r y o S u r v iv a l

At 3 h after fertilization, embryos were concentrated to 10,000 embryos per ml in
ASW, and 0.8 ml o f embryos were transferred to 0.4-cm electroporation cuvettes (Bio
Rad Inc., Hercules, CA). Embryos were electroporated with a Bio Rad Gene Pulser I
with a Capacitance Extender (Bio Rad Inc.), which generates an exponential decay-type
electrical field. The effects o f electrical field strength, electrical field duration, and DNA
concentration on embryo survival to straight-hinge larvae were tested. Electrical field
strength was reported as a time constant, t, which represents the amount of time for the
generated electrical field to decay —37 % (1/e). Because x equals resistance multiplied by
capacitance, increasing capacitance increases electrical field duration. To examine the
effects of field duration, the effects on survival o f capacitance set at 3 pF, 25 pF, and 250
pF, each at 500,1125, and 2500 V/cm were tested. To look at the effect of field strength,
survival after exposure to 500, 625, 700, 875, 1000, and 1125 V was tested at
capacitances o f 3pF and 25 pF. To examine the effect o f DNA, embryo survival was
assayed after incubation with and without DNA, and after electroporation at 25 pF and
625 V/cm with and without DNA. All treatments were performed in triplicate.
To assay embryo survival after electroporation, 1000 embryos were transferred to
sterile 50-ml centrifuge tubes (Coming Inc., Coming, NY) in 40 ml ASW. At 24 h after
fertilization, normal embryos would be expected to develop to straight-hinge larvae
(Losanoff and Davis 1963). At 24 h after electroporation, larvae were fed the marine
algae Isochrysis galbana (T-iso) at 15,000 cells per mL A t 48 h after electroporation,
larvae were fixed in the tubes with 5% formaldehyde and stored at 4°C. Tubes o f fixed
larvae were centrifuged for 8 min at 200xg. The removal of-35 ml o f supernatant left the
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larvae concentrated in 5 ml ASW. The larvae were resuspended and two 1-ml aliquots
from each sample transferred to 24-well tissue culture plates (Becton Dickinson Labware,
Lincoln Park, NJ). Straight-hinge larvae have a distinct appearance compared to embryos
(Losanoff and Davis 1963). Survival to straight-hinge larvae was determined by
counting the number o f larvae in a well with an inverted light microscope at 100X. The
percentage o f larvae that had been feeding on algae was determined with a fluorescent
inverted microscope. Using a standard FTTC filter set, larvae that have been feeding
fluoresced red from chlorophyll in the gut (Babinchak and Ukeles 1979). Larval feeding
is an indicator o f future survival (His and Seaman 1992).
E x p e r im e n t 2 - E f f e c t o f C h e m ic a l l y M e d ia t e d T r a n s f e c t io n

on

Larval

S u r v iv a l

At 3 h after fertilization, 5,000 embryos were transferred in 1 ml o f ASW to 6well tissue culture plates. To deliver DNA to the embryos, a solution o f plasmid DNA
mixed with SuperFect™ (Qiagen Inc., Valencia, CA) was prepared. SuperFect™ is a
commercially available solution o f activated polyamidoamine dendrimers (Tang et aL
1996), and the ratio o f DNA (weight) to SuperFect™ (volume) has been shown to
influence transfection efifeciencies (Kukowska-Latollo 1996, Qin et aL 1998). For each
well of embryos to be transfected, plasmid DNA was diluted in oyster saline solution
(0.480 g/L CaCl2, 1.45 g/L MgSO* 2.18 g/L MgCl2-6H20 , 0.31 KC1 g/L, 11.61 g/L
NaCL 0.35 g/L NaHCCh) and mixed with SuperFect™ for a total volume o f200 pL The
solution was incubated for 10 min at room temperature, and then added to the well o f
embryos for a final volume of 1.2 mL Treatments investigated for their effect on embryo
development to straight-hinge larvae were: DNA alone at 5 pg per well, SuperFect™
alone at 45 pi per well, and DNA to SuperFect™ ratios o f 1:3 ,1:6, and 1:9 (pg/pl) with 1
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pg or 5 pg o f DNA. All treatments were performed in triplicate. Embryo survival to
straight-hinge larvae and larval feeding were assayed as in Experiment 1.
E x p e r im e n t 3 - E f f e c t o f A n t ib io t ic

on

E m b r y o S u r v iv a l

This experiment was performed to investigate the effect o f the antibiotic G418
(Sigma Chemical Co., S t Louis, MO) on developing oyster larvae. At 24 h after
fertilization, 250 larvae were transferred to a well o f a 6-well tissue culture plate in a total
volume o f 10 ml o f ASW with various concentrations of G418. An initial experiment
examined concentrations o f G418 from 0 to 2 mg/ml in 0.5 mg/ml increments with each
treatment in triplicate. A follow-up experiment examined the effect o f G418 on a finer
scale from 0 to 0.75 mg/ml. At 48 h after fertilization, larvae were fed Isochrysis
galbana at 10,000 cells per ml. At 72 or 96 h after fertilization, larval survival was
estimated using a neutral red assay. Neutral red is a non-toxic vital stain used in plankton
viability assays (Crippen and Perrier et al 1974) and has been shown to stain live bivalve
larvae (Manzi and Donnely 1971). To stain live larvae, 200 pi o f a 0.5 g/L solution of
neutral red was added to each well. Larvae were incubated 6 h, fixed with 5% formalin,
and stored at 4°C for less than one week. Before larvae were counted, 100 pi o f acid
solution (1 N acetic acid and 1 N sodium acetate) were added to each well. Larvae were
counted in the wells using an inverted microscope at 100X. Larvae which accumulated
the stain in over 50% o f the shell area were counted as alive at the time o f fixation. From
counts o f stained larvae, percent survival was determined. All antibiotic treatments were
performed in triplicate.
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E x p e r im e n t 4 - S f ij o t io n

of

T r a n sfec ted L a rv a e

w it h

A n t ib io t ic

For antibiotic selection after electroporation, 10,000 embryos at 3 h after
fertilization were electroporated as described above with 10 pg DNA at 25 pF and 6S0
V/cm. Control treatments included embryos incubated with 10 pg DNA only and
embryos in ASW only. Each treatment was performed in triplicate.
For antibiotic selection after chemically mediated transfection, 5,000 embryos at 3
h after fertilization were transfected with 5 pg o f DNA and 15 pi o f SuperFect™ (1:3
ratio) or with 10 pg o f DNA and 30 pi o f SuperFect™ (1:3 ratio). Control treatments
included embryos incubated with 10 pg DNA only, embryos incubated with 30 pi of
SuperFect™ only, embryos transfected at a 1:3 ratio with plasmid DNA without neo , and
embryos in ASW only. Each treatment was performed in triplicate.
At 24 h after transfection, —500 larvae from each treatment were transferred per
well to 6-well plates with 10 ml o f ASW and treated with G418 (< 0.5 mg/ml). At 72 or
96 h after transfection, a neutral red assay was performed as described above and percent
survival was calculated.
Because o f variation in initial larval survival between experiments, and variation
within experiments in estimation of larval concentrations for individual treatments, a
survival score was computed as an indicator of larval survival The number o f larvae
surviving in wells with G418 was divided by the number o f larvae surviving in control
(unchallenged) wells for that treatment. For this score, a value of > 1.0 indicated larval
survival increased relative to the control well, a value o f < 1.0 indicated that larval
survival decreased relative to the control well, and a value of 1.0 indicated that larval
survival remained the same relative to the control well.
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S t a t is t ic a l

a n a l y s is

Data were analyzed statistically with the General Linear Models procedure (SAS
Inc., Cary, NC). A one-way analysis o f variance (ANOVA) was used to compare mean
values for each treatment within an experiment. For treatments with data reported as a
percentage, an arcsin transformation was performed to better approximate a normal
distribution (Zar et aL 1984). A Duncan’s Multiple Range Test was used to separate
sample means. A significance level o fP < 0.05 was used in all statistical analyses.
PCR D e t e c t io n o f

G e n e D e l iv e r y

In addition to neor, plasmid pS65T-Cl used in this study contained the gene
rsGFP. For larvae transfected in Experiment 4, PCR was performed for detection of
gene delivery. Larvae were collected on 40-pm nylon mesh and washed twice with
ASW. A QIAmp Blood and Tissue Kit (Qiagen Inc., Valencia, CA) was used to extract
DNA from pooled samples o f500 to 1000 larvae, and DNA was eluted into 30 pi of
sterile dH^O and stored at -20°C. Each PCR reaction received 5 to 10 pi o f extracted
DNA as template.
Successful PCR amplification o f a native oyster gene from the DNA extraction
for each sample would indicate that oyster DNA extraction was successful for that
sample (oyster DNA was present in the PCR reaction), and that few PCR inhibitors were
present in that DNA extraction. To validate successful DNA extraction for all samples,
PCR was conducted with primers from the oyster 28s rRNA gene sequence designed with
PC/Gene computer software (Intelligenetics, Mountain View, CA) (Littlewood 1994):
PCR primers were GCT-AAA-TAC-TTC-CCG-AGT-CCG-ATA-GC and GCA-CCTTCC-TCC-AGC-TCT-TCT-GAC (5’ to 3’). Each reaction volume was 100 pi and
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contained 0.5 pM each primer, 200 pM o f each deoxymicleotide triphoshate (dNTP), 1.0
mM MgCfe, 1 pi DMSO, 2.5 U AmpliTaq DNA polymerase (Perkin Elmer Inc., Foster
City, CA), and 1-X AmpliTaq buffer (Perkin Elmer Inc.). After heating to 95°C for 2
min, PCR reaction conditions were 35 cycles at 95°C for 30 s, 63°C for 30 s, and 72°C
for 1 m. Reaction products were separated electrophoretically on a 1% agarose gel,
stained with ethidium bromide, and visualized with an ultraviolet transilluminator. The
primers described above produce and amplify a 286 base pair (bp) DNA fragment from
the oyster 28s rRNA gene. The presence o f such a band after PCR on a sample (a
positive reaction) indicated the presence of oyster DNA in the sample.
Larvae were assayed for the presence of rsGFP with primers designed with
PC/Gene computer software (Intelligenetics, Mountain View, CA) from the pS65T-Cl
sequence. PCR primers were GTC-AGT-GGA-GAG-GGT-GAA-GGT-GAT-GCA-AC
and GAA-AGG-GCA-GAT-TGT-GTG-GAC-AGG-TAA-TG (5’ to 3’). Reaction
volumes o f 100 pi were used with the following final concentrations: 0.2 pM each
primer, 100 pM each dNTP, 1.5 U Vent polymerase (New England Biolabs Inc., Beverly,
MA), and 1-X Thermpol PCR buffer (New England Biolabs). After heating to 95°C for 2
min, PCR reaction conditions were 30 cycles at 95°C for 1 m, 63°C for 1 m, and 72°C for
1 m. Reaction products were separated electrophoretically on a 1% agarose gel, stained
with ethidium bromide, and visualized on a ultraviolet transilluminator. The primers
described above were designed to produce and amplify a 539 bp product from rsGFP.
The presence o f such a band after PCR (a positive reaction) indicated the presence o f
rsGFP in the sample tested.
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Because pS65T-Cl contained rsGFP in addition to neor, gene expression after
successful insertion could be indicated by the observation o f green fluorescence in
transfected larvae. For larvae transfected in Experiment 4, fluorescence microscopy was
performed for detection o f gene expression. Larvae transfected with and expressing
rsGFP would be expected to fluoresce green, while control larvae would not be expected
to exhibit green fluorescence brighter than background autofluorescence. Larvae were
examined with an inverted fluorescent microscope (Zeiss Axiovert 25, Carl Zeiss Inc.,
Thomwood, NY) for expression of rsGFP. Larvae were placed in 24-well tissue culture
plates (Falcon, Becton Dickinson, Franklin Lakes, NJ) for observation, and were
examined for green fluorescence at 100 and 200X with standard FITC filter sets.
Photographs were taken by chilling larvae to 4°C, causing larvae to remain still.
Resu lts
E x p e r im e n t 1 - E f f e c t o f E l e c t r o p o r a t io n

on

E m b r y o S u r v iv a l

Electrical pulse duration influenced survival to straight-hinge larvae. Increases in
capacitance reduced larval survival (Fig. 6-1). Survival in non-electroporated controls
was 26%. With increasing voltage, a capacitance o f250 pF resulted in a sharp decrease
to 33% of control larval survival, 25 pF yielded an intermediate decrease to 61% of
control survival, and 3 pF resulted in a gradual decrease in larval survival to 74% of
control larval survival. At 2500 V/cm, there was no survival in all treatments.
The effect o f voltage was examined at 125 V/cm increments starting from 500
V/cm with capacitances o f 3 pF and 25 pF. Increasing voltage caused a decrease in
larval survival (Fig 6-2). Embryo survival to straight-hinge larvae in non-electroporated
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Figure 6-1. Effect o f electroporation on survival o f eastern oyster embryos to straighthinge larvae. Values reported are survival as a percentage of control (mean ± standard
error). Mean percent survival o f control samples was 25%. Lines with triangles
represent embryos electroporated with a capacitance o f 3 pF, circles indicate 25 pF, and
squares indicate 250 pF. “t ” indicates the time constant for that voltage and capacitance.
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Figure 6-2. Effect of electroporation on survival o f eastern oyster embryos to straighthinge larvae. Values reported are survival as a percentage o f control (mean ± standard
error). Mean percent survival o f control samples was 48%. Lines with triangles
represent embryos electroporated with a capacitance o f 3 pF, circles indicate 25 pF. “x”
indicates the time constant for that voltage and capacitance.
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controls was 48%. At 25 pF, survival was 55% o f control survival at 500 V/cm, 29% o f
control survival at 625 V/cm, and there was no larval survival at 875 V/cm. At 3 pF,
survival was not strongly affected until 875 V/cm with 52% o f control survival, and even
at 1125 V/cm, survival was still at 39% o f the control.
Based on these observations, electroporation at 25 pF and 625 V/cm was selected
for further study as these conditions had an effect on larval survival without inducing
unacceptable (> 50%) mortality. In addition, there were no differences in the percentage
of larvae feeding that survived electroporation compared to controls (Table 6-2). This
implies that embryos that survived electroporation and developed to straight-hinge larvae
were normal.
The effect o f DNA on larval survival was tested. It was possible that DNA in
solution before or after electroporation could affect larval survival, which would
complicate assays for larval survival after electroporation and antibiotic challenge.
Therefore, larvae were incubated with and without DNA (pS65T-Cl) and were
electroporated with and without DNA (pS65T-Cl) (Fig 6-3). Although survival was
significantly lower in the electroporated treatments (P < 0.0001), no significant
differences were detected due to the presence of DNA (P > 0.05) (Fig. 6-3). In addition,
there were no differences in the percentage o f larvae feeding after exposure to DNA
compared to controls (Table 6-3). DNA alone was assumed to have no effect on embryo
and larval survival for the rest of the study.
E x p e r im e n t
S u r v iv a l

2-

E f f e c t o f C h e m ic a l l y M e d ia t e d T r a n s f e c t io n

on

Larval

There were no observed effects on embryo survival to straight-hinge larvae (P =
0.5172) o f incubation with SuperFect™ alone, DNA alone, or DNA:SuperFect™ (pg:pl)

127
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 6-2. Results for feeding assay for eastern oyster straight-hinge larvae 48 h after
electroporation of embryos. Percent feeding was determined by exam ination o f larvae
for red fluorescence from chlorophyll with a fluorescent inverted microscope.
Treatment
Number o f larvae
Percent feeding
capacitance (pF)-voltage (V/cm)
examined____________________
0-0
70
88.6
3-500

79

84.8

3-625

79

94.9

3-750

90

86.7

3-875

90

92.2

3-1000

91

97.8

3-1125

56

82.1

25-500

73

58.9

25-625

60

78.3

25-750

22

72.7

25-875

0

0.0

25-1000

2

50.0

25-1125

2

100.0
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60

Control

Electroporated

Figure 6-3. Percent survival (mean ± standard error) o f eastern oyster embryos to
straight-hinge larvae with (black bars) and without (open bars) DNA or electroporation.
Bars sharing letters were not significantly different (P > 0.005).
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Table 6-3. Results for feeding assay for eastern oyster straight-hinge larvae 48 h after
embryo exposure to DNA and electroporation. Percent feeding was determined by
examination o f larvae for red fluorescence from chlorophyll with a fluorescent inverted
microscope._________________________________________________________
Treatment
Percent feeding
Number of larvae
examined
capacitance (pF)-voltage (V/cm)
0-0
70
88.5
0-0 with DNA

88

77.2

25-250

60

78.3

25-250 with DNA

72

72.2

complexes (Fig 6-4). Increases in the ratio o f DNA to SuperFect™ from 1:3 to 1:9, and
increases in DNA concentration from I pg to 5 pg did not decrease larval survival. In
addition, there were no differences in the percentage of larvae feeding that survived
transfection compared to controls (Table 6-4). This implies that embryos that survived
transfection to develop to straight-hinge larvae were normal. For transfection o f embryos
in further experiments, conditions chosen for chemically mediated transfection were
incubation with 5 pg of DNA and 15 pi of SuperFect™ or with 10 pg DNA and 30 pi o f
SuperFect™ (1:3 ratio).
E x p e r im e n t 3 - F.fff .c t

of

A n t ib io t ic

on

E m b r y o S u r v iv a l

Across a broad range (0 to 2 mg/ml), increasing G418 concentration caused
decreases in larval survival (Fig. 6-5). Survival dropped off rapidly at 0.5 mg/ml o f G418
(14 % o f control survival), and declined slowly as G418 concentration increased.
However, a decrease was observed in pH from ~8.0 at 0 mg/ml o f antibiotic to -7.0 at 1
mg/ml antibiotic (Fig. 6-5). Therefore, antibiotic concentrations chosen for further
experimentation were set at < 0.5 mg/ml. Within this range, a closer look at the effect o f
G418 was conducted (Fig. 6-6). Survival increased to 215 % o f control survival at low
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Table 6-4. Results for feeding assay for eastern oyster straight-hinge larvae 48 h after
transfection o f embryos with DNA complexed with SuperFect™. Percent feeding was
determined by examination of larvae for red fluorescence from chlorophyll with a
fluorescent inverted microscope.__________________________________________
Treatment
Number o f larvae
Percent feeding
DNA (ug):SuperFect™ (ul)_________ counted__________________________
76
1:3
89.5
1:6

52

90.4

1:9

98

94.9

5:15

99

93.9

5:30

78

93.6

5:45

95

83.2

5:0

77

87.0

0:45

71

94.4

0:0

62

96.8
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Figure 6-4. Effect o f chemically mediated transfection on percent survival (mean ± standard error)of eastern oyster embryos to
straight-hinge larvae. No significant differences were detected among all treatments (P = 0.5172). Ratios indicate the ratio o f DNA
(pg) to SuperFect™ (pi). Black bars received 1 pg o f DNA, open bars 5 pg o f DNA, and hatched bars received no DNA.

levels o f the antibiotic (0.1 mg/ml), and decreased (53 % o f control survival) as antibiotic
concentration increased to 0.25 mg/mL
From these results, the range o f antibiotic chosen for challenge o f transfected
larvae was from 0.25 to 0.5 mg/ml. It should be noted that G418 was not only toxic to
larvae, but also inhibited growth as well. Although not quantitated, larvae in all wells
receiving the antibiotic were noticeably smaller than control larvae, even when larval
survival was enhanced by low concentrations of the antibiotic.
E x p e r im e n t 4 - S E ij-c m o N

of

T r a n sfec te d La r v a e

w it h

A n t ib io t ic

G418

Results o f antibiotic challenge clearly showed increased survival for larvae
electroporated with neor (Fig. 6-7). For low levels of G418, no differences were detected
with larvae incubated at 0.1 mg/ml G418 (P = 0.6042). However, with antibiotic
concentration at 0.25 mg/ml, there were significant differences in survival (P = 0.0147).
Survival was significantly higher in the treatment electroporated with DNA (survival
score = 1.92).
Antibiotic challenge o f larvae transfected with SuperFect™ and neor also showed
increased survival (Fig. 6-8). No differences in survival among treatments were detected
with larvae cultured in 0.1 mg/ml G418 (P = 0.4059). However, with increased antibiotic
concentration (0.3 mg/ml), there were significant differences in survival (P = 0.037). The
highest levels o f survival were observed in embryos transfected with 5 pg of DNA and 15
pi o f SuperFect™ (1:3 ratio) (survival score = 1.26). Intermediate levels o f survival were
observed in embryos transfected with 10 pg DNA and 30 pi o f SuperFect™ (1:3 ratio)
(survival score = 0.89). Survival was lower and not significantly different in all other
treatments.
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Figure 6-5. Toxicity o f G418 to 24 h eastern oyster straight-hinge larvae. Values
reported are survival as a percentage o f control (mean ± standard error). Mean percent
survival o f control samples was 74 %. Arrow indicates point where pH decrease was
observed.
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Figure. 6-6. Toxicity o f G418 to 24 h eastern oyster straight-hinge larvae. Values
reported are survival as a percentage of control (mean ± standard error). Mean percent
survival o f control samples was 15%.
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Figure 6-7. Survival (mean ± standard error) o f electroporated and potentially transgenic
(with neor) eastern oyster larvae after exposure to G418. Bars sharing letters were not
significantly different (P > 0.5). Columns with uppercase letters were analyzed
separately from columns with lowercase letters. Hatched bars represent samples
incubated with 10 pg DNA, open bars were controls, and black bars were electroporated
with 10 pg DNA at 625 V/cm and a capacitance o f 25 pF. The time constant, “t,” was
0.3 msec.
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Figure 6-8. Survival (mean ± standard error) o f potentially transgenic (with necf) eastern oyster larvae after chemically mediated
transfection and exposure to G418. Columns sharing letters were not significantly different (P > 0.5). Columns with uppercase letters
were analyzed separately from bars with lowercase letters. Treatment with open bar received DNA without neor.

PCR D e t e c t io n o f G e n e I n s e r t io n
The presence o f rsGFP was detected in all samples transfected with plasmid
pS65T-Cl (which contains both rsGFP and necT) (Fig. 6-9). The presence o f rsGFP was
also detected in all samples that were only incubated with plasmid DNA (Fig. 6-9). All
other samples were negative for the presence o f rsGFP.
V is u a l iz a t io n o f G e n e E x p r e s s io n

The expression o f rsGFP was observed in straight-hinge larvae, although these
larvae were rare (<1 in 100). Larvae expressing rsGFP were only observed in samples
transfected with plasmid pS65T-Cl (containing both rsGFP and ned) by electroporation
(Fig. 6-10) and chemically mediated transfection (Fig. 6-11). Larvae fluorescing green
were not observed in any other samples, including control samples and samples that were
only incubated with plasmid DNA.
D is c u s s io n

In this study, techniques were developed for the transfection and selection o f
eastern oyster embryos and larvae. This is the first report o f gene delivery to eastern
oyster embryos and also the first report o f electroporation and the use of activated
polyamidoamine dendrimers to transfect bivalve embryos. This is the first report o f the
use activated polyamidoamines to transfect any species.
For electroporation, it is accepted that the degree o f cell permeation depends on
the field strength and duration of the electric pulse. Higher field strengths or longer pulse
durations result in increased permeation (Anderson et al. 1991). However increased cell
permeability is associated with increased cell death (Shigekawa and Dower 1988).
Although there is a positive correlation between the amount o f cell death and maximum
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Figure 6-9. Agarose gel with results o f PCR on eastern oyster larvae. All PCR on oyster
larvae was with DNA extracted from 500-1000 pooled larvae from a treatment. Sample
A was from larvae produced after electroporation o f 3-h embryos with pS65T-Cl.
Sample B was from larvae produced after treatment o f 3-h embryos with SuperFect™
complexed with pS65T-Cl. Sample C was from larvae produced after electroporation o f
3-h embryos with no DNA. Sample D was from larvae produced after treatment o f 3-h
embryos with SuperFect™ and no DNA. Lane 1 contained a 100- base pair (bp) ladder
DNA marker. Lanes 2-5 contained results from PCR to detect the 28s gene (286 bp
product) in oyster DNA. Lanes 6-9 contained results from PCR to detect rsGFP (539 bp
product).
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Figure 6-10. Expression o f the gene for red-shifted green fluorescent protein (rsGFP ) in live straight-hinge larvae of the eastern oyster
produced by incubation o f 3-h embryos with pS65T-Cl complexed with SuperFect™. Panel A, brightfield micrograph; panel B,
fluorescent micrograph. Larva indicated by arrow was expressing rsGFP. Red fluorescence in larvae was due to chlorophyll from
ingestion o f algae. Micrographs were produced with an inverted microscope at 400X.
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Figure 6-11. Expression o f the gene for red-shifted green fluorescent protein (rsGFP ) in live straight-hinge larvae of the eastern oyster
produced by electroporation o f 3-h embryos with pS65T-Cl (note movement o f rightmost larvae in panel A). Panel A, brightfield
micrograph; panel B, fluorescent micrograph. Larva indicated by arrow was expressing rsGFP, Micrographs were taken with an
inverted microscope at 400X.

transfection efficiency for electroporation, the optimum field strength and tune constant
to produce transfection efficiency must be experimentally determined for each cell type
(Shigekawa and Dower 1988, Anderson et a l 1991).
In human lymphoid cells, m axim um transfection efficiency was observed with
18% survival (o f controls) after electroporation (Anderson et al. 1991). In this study,
electroporation conditions were selected that affected overall embryo viability (-20%
survival), but still allowed embryo survival to straight-hinge larvae. These conditions,
625 V/cm, 25 pF, and a time constant o f 0.3 msec, compare favorably to electroporation
with an exponential decay wave electrical pulse o f finfish eggs and embryos (Inoue 1992,
Buono and Linser 1992), although the pulse lengths reported here are much shorter due to
the lower resistance o f the electroporation media (ASW). There are few reports of the
use of electroporation to transfect marine bivalves or molluscs (Powers et a l 1992, Lu et
al. 1996). These reports use a square wave electrical pulse for cell permeation, and the
conditions are not directly comparable. Using a square wave electrical pulse in the red
abalone (Haliotis rufescens), after electroporation at 10,000 kV o f fertilized eggs,
survival to larval stages was reported to be 70 to 84% that o f non-electroporated controls,
with 90% o f larvae showing transgene integration and 72% with transgene expression
(Powers et al. 1995). These levels o f survival are higher than those observed in eastern
oysters in this study. In dwarf surf clams (Mulinia lateralis), again with a square wave
electrical pulse, after electroporation at 500 to 700 V and retroviral integration into
fertilized eggs, survival to adulthood was reduced from 10 to 15% to 3 to 5%, with one
third of the surviving adults with transgene incorporation (Lu et aL 1996). More efficient
electroporation conditions for gene transfer to oyster embryos may exist, but the
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conditions tested here resulted in transgene delivery and expression. N ed was inserted
into eastern oyster embryos with electroporation, and increased survival was observed
under G418 selection.
There are no reports of the use o f polyamidoamine dendrimers for in vivo
transfection of an organism for comparison with results of this work, however,
information from in vitro cell culture transfection suggests polyamidoamines are mildly
toxic (Kukoska-Latalk) et al. 1996, Tang et aL 1997). SuperFect™ is toxic to oyster
ventricle cells in vitro (Chapter 3), but was apparently non-toxic to oyster embryos at the
levels tested. With the hypothesis that level o f toxicity is positively correlated with
transfection effeciency, more efficient conditions for transfection with SuperFect™ may
exist. Perhaps higher concentrations ofDNA and SuperFect™ would prove more toxic
to embryos and more efficient at transfection. However, the conditions tested here did
result in gene delivery and expression. N ed was delivered to oyster embryos with
chemically mediated transfection and increased survival observed under G418 selection.
Suggested concentrations o f G418 to use in cell culture for selection of
transfected cells range from 100 to 800 pg/ml (Ausebel et al. 1999). Values in this range
were useful for challenge o f eastern oyster larvae. These concentrations did not result in
complete mortality o f normal oyster larvae, but survival was significantly impacted.
Although groups of larvae which were transfected with ned demonstrated increased
survival in G418, these larvae were observed to be smaller than control larvae, and
increases in survival were not as dramatic as expected. Several explanations were
possible. The antibiotic G418 is known to decrease growth as well as act as a toxic
compound. In cell culture, a positive correlation between the level o f neor expression and
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the percent survival and growth rates o f cells in G418 has been reported (Emerman and
Temin 1984, Paludan et aL 1989, Niwa et aL 1991). Niwa et a t (1991) reported some
survival, but decreased cell growth and increased mortality when cells were transfected
with neor and a weak promoter and exposed to G418. Low levels o f neor expression in
oyster larvae may have allowed survival in G418, but with impacts on growth. Little is
known o f heterologous promoter function in eastern oysters, and if the SV40 promoter
used in this study functions inefficiently in oyster cells, survival and growth would be
impacted. In Drosophila, larvae with neor under control o f the herpes thymidine kinase
(tk) promoter were able to survive G418 selection, but at a slower growth rate and with
increased mortality compared with, control larvae. The tk promoter was thought to be
weakly expressed, and the transfection o f Drosophila larvae with the Drosophila hsp70
heat shock promoter and neor resulted in larval survival and growth rate on G418 equal to
controls (Steller and Pirrotta 1985). M am m alian viral promoters have been shown to
function in other bivalves: Molney murine leukemia virus (MMLV) and Rous sarcoma
virus (RSV) in dwarf surf clams (Lu et al. 1996), and CMV and SV40 in the Pacific
oyster (Boulo et al. 1996, Cadoret et a l 1997a, Cadoret et a l 1997b). The SV40
promoter worked well driving chloramphenico I acetyltransferase (CAT) production in
Japanese abalone (Tsai et al. 1997). However, the Drosophila hsp70 heat shock promoter
has been shown to produce higher levels o f gene expression in C. gigas cells than did
viral promoters, including SV40 (Boulo et al. 1996). O f course, promoter function
cannot be known until it is tested, but different promoters should be examined for higher
levels o f gene expression in eastern oysters.
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Not only does level of gene expression depend on strength o f promoter, but also
on gene copy number. Increased delivery o f copy number could increase gene expression
and survival under selection. However, high levels o f neor gene expression can cause
problems. Although transfection o f larvae with neor did not affect embryo survival to 24
h, neor can possibly influence larval development and growth. In cell culture, neor
expression has been shown to cause changes in cell metabolism and to modify
transcription factors and effect endogenous gene expression, probably through
phosphotransferase activity (Valera et aL 1994). Mice transfected with neor and
producing APT where found to be 25% smaller than littermates (Kaur et al. 1998).
Therefore, high levels o f production o f APT could inhibit oyster larval growth and cause
increased mortality. In this study, there were no observed effects on transfected control
larval growth rate or survival after 4d, removing APT activity as a causative agent in
reduced growth rates and increased mortalities. However, negative consequences o f
increased APT production should be considered as improvements in transfection and
expression are pursued.
A final explanation for reduced larval growth rate and survival in G418 is
mosaicism. Because these embryos were transfected after fertilization and first cell
division, it is possible that not all cells received the transgene. Also, the promoter driving
gene expression must be expressed in all larval tissues. These factors would allow partial
resistance to antibiotic selection, with associated decreased growth and increased
mortality. Problems with mosaicism were suggested in poor survival in G418 for
Drosophila larvae (Steller and Pirotta 1984) and in failure o f G418 selection in
transfected goldfish (Yoon et al. 1990).
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Further evidence o f gene transfer to oyster embryos was documented with
analysis o f rsGFP after transfection into oyster embryos. Because rsGFP and neor were
on the same plasmid (pS65T-Cl), successful transfer and gene expression o f rsGFP
implies transfer o f neor as welL The true efficiency o f transfection is not known at this
time. Because o f the small size o f oyster larvae, PCR for transgene detection was
performed on pooled samples o f 500 to 1000 larvae. Although larvae expressing rsGFP
were observed, the observable number of positive larvae was less than 1%. It is possible
that larvae were expressing this gene below threshold detection levels. The CMV
promoter is known to function in the Pacific oyster C. gigas at lower levels compared to
other promoters (Cadoret et al. 1997a, Boulo et al. 1996). If this promoter was not
efficient in C. virginica, low levels o f gene expression would result. Additionally,
expression of neor can reduce levels o f gene expression, especially when both genes are
included on the same transfection plasmid (Artlet et aL 1991). Another possibility is
simply that the transfection efficiency was low. This seems unlikely given the resistance
of a majority of the transfected larvae to G418. The data from delivery o f rsGFP to
embryos is clear evidence o f successful gene transfer and gene expression in oyster
larvae.
The simple incubation o f embryos with DNA resulted in larvae positive with PCR
for rsGFP. This is not surprising as cells can readily uptake DNA from solution (Bennet
et aL 1993), usually at reduced efficiencies compared to techniques for gene delivery. No
larvae expressing rsGFP were observed from embryos incubated with DNA only. These
larvae received DNA which was detected by PCR, but possibly at a low copy number,
precluding high levels o f rsGFP expression and observation of green fluorescence.
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The goal o f this work was to demonstrate transfection and selection o f eastern
oyster embryos. Although transfection was successful and increased survival for
transfected larvae in G418 was documented, further modification o f techniques will be
necessary for selection. To increase the utility o f G418 as a selective agent, the use of
buffers to eliminate pH effects on larval survival at higher doses o f the antibiotic will
have to be investigated, as will the effects o f long-term larval exposure to G418. Further
work needs to be done on the identification o f stronger promoters for use in eastern
oysters. Molluscan promoters have been identified recently (Yoshino et aL 1998), and
Drosophila promoters have been shown to function well in mollusc cells (Powers et al.
1995, Boulo et al. 1996). Although improvements in technique will be necessary for
selection o f transgenic larvae, this study documents successful gene delivery to C.
virginica embryos via electroporation and chemically mediated transfection, the
expression o f rsGFP in larvae, and the expression o f neor with subsequent increased
larval survival in the presence of G418.
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Chapter 7

In Vivo T r a n s f e c t i o n o f A d u l t E a s t e r n O y s t e r s
I n tr o d u c tio n

The eastern oyster, Crassostrea virginica, supports a valuable commercial fishery
along the Atlantic and Gulf Coasts o f the United States (NMFS 1999). The industry is
important to local economies as well (Pausina 1988, Keithly et al. 1992). In Louisiana
alone, oysters had a farm-gate value in excess o f 51 million dollars (Louisiana
Cooperative Extension Service 1998). In recent years the oyster industry has suffered
due to a variety o f problems including overharvest, loss o f habitat, and disease problems
(Andrews 1991, Paynter 1996). Diseases include infections by the protozoans Perkinsus
marinas and Haplosporidium nelsoni. For example, in the Gulf o f Mexico, it is estimated
that yearly mortality rates due to P. marinus infection exceed 50% o f the adult oyster
population (Hoffman et aL 1995). H. nelsoni and P. marinus have both been significant
factors in the recent collapse o f the oyster fishery in Chesapeake Bay (Paynter 1996,
Mann et al. 1991). O f equal concern to the industry is the transfer o f human pathogens
(such as Vibrio vulnificus) from oysters to human consumers (Jackson et aL 1997). These
problems have created a need for research in oyster genetics. As part o f this program,
research is underway on gene transfer in oysters, with a long term goal o f the production
o f disease-resistant oysters also capable o f eliminating human pathogens. In this study,
development of techniques for gene delivery to adult oysters are discussed.
Two genes were tested in this study, red-shifted green fluorescent protein (rsGFP)
and cecropin B (cepB). The use of various forms o f green fluorescent protein (GFP),
originally isolated from the jellyfish Aequorea victoria , as reporter molecules is well
characterized (Chalfie et a l 1993, Higashijima et al. 1997). A modified form o f the
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original GFP isolate, rsGFP, absorbs light at a maxima o f 490 nm and emits green light
with a maxima at 510 nm (Heim et al 1995). Because this protein does not require any
substrates, co-factors, or enzymes for fluorescence, it can be detected in living cells in
real time, making it a useful indicator o f successful transfection. Cecropin B is a lytic
peptide from the giant silkworm moth Hyalphoria cecropia (Xanthopoulus et al. 1988).
Cecropins belong to a class o f lytic peptides known to have antimicrobial and
antiprotozoal capabilities (Hultmark et al. 1980, Gwadz et al. 1989). Previous studies
have shown that lytic peptides may be useful as therapeutic agents in aquaculture for fish
(Kelley et aL 1990) and shellfish (Morvan et aL 1997).
Recently, there has been increased interest in gene delivery methods, especially
chemically mediated transfection. Chemically mediated transfection usually involves the
use o f cationic compounds for delivery o f DNA to cells. While most research has
focused on the use of cationic lipids (Feigner et aL 1987, Gershon et al. 1993, Feigner et
aL 1994), recently other cationic molecules, such as activated polyamidoamine
dendrimers, have been examined for gene delivery potential (Tang et aL 1996, Tang and
Szoka 1997).
Research on gene transfer is commonly conducted on gametes or embryonic
stages o f an organism, however, recently there has been increased research interest in
gene delivery to adult organisms. Successful gene delivery and expression in adult
organisms through injection o f DNA complexed with cationic lipids has become a
standard technique, with the majority o f research done in mice (Zhu et al. 1993, Liu et al.
1995). Although transfection has been documented by the injection o f DNA only, the
injection o f DNA complexed to cationic lipids greatly improved transfection efficiency
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(Liu et al. 1995). There has been little published on the use o f such techniques m
commercially important aquatic species, in which work with adults has been limited to
reports o f injection o f naked DNA into fish muscle with subsequent gene expression
localized to the injection site (Rahman and Maclean 1992, Anderson et al. 1996).
Although in vivo gene delivery with cationic lipids has become relatively routine, there
has been no work done with the use o f polyamidoamines to deliver genes to whole
organisms. The only similar report has been the use of polyamidoamines to transfect
murine skin grafts (Qin et al. 1998). Activated polyamidoamine dendrimers have been
shown to deliver genes at increased efficiency over naked DNA in vitro, and possess
some advantages, such as increased transfection efficiency and lower cytotoxicity, over
cationic lipids for gene delivery (Kukowska-Latallo et a t 1996, Tang et aL 1996,
Allbritton et aL 1997).
Research on gene delivery to aquatic species is needed and is currently underway
in fish and shellfish (Mialhe et al. 1995, Sin 1997). Almost all of this work involves
manipulation of gametes and embryos. There are no reports o f gene delivery directly to
shellfish adults. As part of a project to develop techniques for gene delivery to oysters,
the goal o f this study was to examine a technique for gene delivery to adult oysters by
injection o f DNA complexed with activated polyamidoamine dendrimers. The objectives
of this study were to determine the effectiveness of this technique by: 1) detection o f a
transgene in oyster cells by polymerase chain reaction (PCR); 2) detection of transgene
expression in oyster cells by flow cytometry; and 3) detection o f transgene expression in
oyster cells by microscopic observation. This study represents the first attempt at gene
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delivery into adults o f a shellfish species. Furthermore, this work represents the first
record o f using polyamidoamines to deliver genes in vivo by injection o f adult organisms.
M a t e r ia l s a n d M e t h o d s
O y s t e r C o l l e c t io n

Oysters were collected at Hackeberry Bay, L o u isia n a (29°40’00”N, 90°02’30”W).
Oyster meat weights were 3.0 ± 0.9 g (mean ± standard deviation) with shell lengths o f
7.0 ± 0.6 cm. Oysters were held at the LSU Aquaculture Research Station before use.
DNA P r e p a r a t io n
Two plasmids were used, pS65T-Cl (Clontech Laboratories Inc, Palo Alto, CA)
which contains a gene encoding a modified form of green fluorescent protein (rsGFP)
(Heim et a l 1995) under control o f the human cytomegalovirus immediate early
promoter (CMV), and pPC-6 (produced in our laboratory), which contains the cecropin B
gene (cepB) and its native promoter.
Escherichia coli strain DH5a transformed with the plasmids o f interest were
grown overnight in Luria-Bertani (LB) broth at 37°C. Plasmid DNA was extracted and
purified using an anion exchange column(QIAFilter Plasmid Maxiprep kit, Qiagen Inc.,
Valencia, CA), and DNA was dissolved in distilled, deionized water (dcflLO) for use.
Concentration and purity ofDNA was estimated by spectrophotometry (GeneQuant
RNA/DNA Calculator, Pharmacia Biotech, Piscataway, NJ) and agarose gel
electrophoresis.
O y s t e r T r a n s f e c t io n

Oysters were transfected by injection. The day before injection, notches were
made in the shell along the dorsal margin which allowed syringe and needle access to the
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adductor muscle sinus and the oyster circulatory system (Ford 1986). To deliver DNA to
adult oysters, a transfection solution of plasmid DNA mixed with SuperFect™ (Qiagen
Inc., Valencia, CA) was prepared. SuperFect™ is a commercially available solution of
activated polyamidoamine dendrimers (Tang et al. 1996), and the ratio o f DNA (pg) to
SuperFect™ volume (pi) has been shown to influence transfection efficiencies. For
oysters injected with transfection solution, three ratios of DNA to SuperFect™ (pg to pi)
were used: I to 2,1 to 4, and I to 8. For each oyster to be transfected, 10 pg o f plasmid
DNA was diluted in oyster saline solution (0.48 g/L CaCfe, 1.45 g/L MgSQ*, 2.18 g/L
MgCl2-6H20, 0.31 KC1 g/L, 11.61 g/L NaCl, 0.35 g/L NaHC03) and mixed with 20,40
or 80 pi SuperFect™ for a total volume o f200 pL The solution was incubated for 10 min
at room temperature. A 100-pi volume o f hemolymph was removed from the adductor
muscle sinus with a sterile syringe and stainless steel needle. Following this, 200 pi of
transfection solution was injected into the adductor muscle sinus. Control oysters
received no DNA or SuperFect™, and were injected with 200 pi o f oyster saline solution.
Injected oysters were held out o f water at room temperature for 6 h before returning them
to a recirculating holding system.
Forty-five eastern oysters were used in this experiment, divided into 3 groups of
15. The first group was transfected with the rsGFP in plasmid pS65T-Cl. Within this
treatment were three subtreatments of five oysters transfected at the three DNA to
SuperFect™ ratios. The second group was transfected with cepB in plasmid pPC-6 using
the three DNA to SuperFect™ ratios. Oysters in the third group were injected with
oyster saline solution as a control treatment.
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Oysters were held in a recirculating system, fed a mixture o f Isochrysis galbana
and Chaetocerus calcitrans, and sampled at 4 and 10 days after transfection. At each
sampling, 300 to 600 pi o f hemolymph were withdrawn from the adductor muscle sinus
o f each oyster. Hemo lymph samples were immediately placed on ice and stored chilled
until use (to limit hemocyte clumping). From each sample, 100 pi was used immediately
for flow cytometry, and at least 150 pi was stored at -120°C (in liquid nitrogen vapor) for
subsequent DNA extraction. Oysters were sacrificed after the sampling on day 10, and
tissue samples o f adductor muscle and gill were collected and stored at -120°C.
PCR A n a l y s is
DNA was extracted from ~150 pi o f each hemolymph sample (QIAmp Blood and
Tissue Kit, Qiagen Inc., Valencia, CA). From each sample, DNA was eluted into 30 pi
o f sterile dH20 and stored at -20°C. Each PCR reaction received 5 to 10 pi o f extracted
DNA as template.
Polymerase chain reaction (PCR) amplification o f a native oyster gene from the
DNA extraction for each sample was used to indicate that extraction was successful for
that sample (oyster DNA was present in the PCR reaction), and that few PCR inhibitors
were present in that sample. Primers for PCR were designed with PC/Gene computer
software (Intelligenetics, Mountain View, CA) to target the 28s rRNA gene o f the eastern
oyster (Littlewood 1994). The primers sequences were GCT-AAA-TAC-TTC-CCGAGT-CCG-ATA-GC and GCA-CCT-TCC-TCC-AGC-TCT-TCT-GAC (5’ to 3’). Each
reaction volume was 100 pi and contained 0.5 pM of each primer, 200 pM o f each
deoxynucleotide triphoshate (dNTP), 1.0 mM MgCI2, 1 pi DMSO, 2.5 U AmpliTaq DNA
polymerase (Perkin Elmer Inc., Foster City, CA), and 1-X AmpliTaq buffer (Perkin
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Elmer Inc.)* After heating to 95°C for 2 min, PCR reaction conditions were 35 cycles at
95°C for 30 s, 52°C for 30 s, and 72°C for 1 m. Reaction products were separated
electrophoretically on a 1% agarose gel, stained with ethidium bromide, and visualized
with an ultraviolet transilluminator. The primers described above were designed to
amplify a 286 base pair (bp) DNA fragment from DNA o f eastern oysters. The presence
of such a band after PCR on a sample (a positive reaction) indicated the presence o f
oyster DNA in the sample.
Oysters injected with rsGFP were assayed for the presence o f this gene with
primers designed from the pS65T-Cl sequence (Clontech Inc.) for rsGFP with PC/Gene
computer software (Intelligenetics). Primer sequences were GTC-AGT-GGA-GAGGGT-GAA-GGT-GAT-GCA-AC and GAA-AGG-GCA-GAT-TGT-GTG-GAC-AGGTAA-TG (5* to 3’). Reaction volumes o f 100 pi were used with the following final
concentrations: 0.2 pM each primer, 100 pM each dNTP, 1.5 U Vent polymerase (New
England Bio labs, Inc., Beverly, MA), and 1-X Thermpol PCR buffer (New England
Biolabs). After heating to 95°C for 2 min, PCR reaction conditions were 30 cycles at
95°C for 1 m, 63°C for 1 m, and 72°C for 1 m. Reaction products were separated
electrophoretically on a 1% agarose gel, stained with ethidium bromide, and visualized
on an ultraviolet transilluminator. The primers described above were designed to amplify
a 539 bp product from rsGFP. The presence o f such a band after PCR indicated the
presence o f rsGFP in the sample tested.
Oysters injected with cepB were assayed for the presence o f the this gene with
primers designed from the cepB sequence (Xanthopuolos et al. 1988) with PC/Gene
computer software (Intelligenetics). The primer sequences were AGA-CTT-GAC-TCC-
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GCT-GCA-TAA-GTG and TAC-CGT-TTC-TGA-TGT-TGC-GAC-C (5’ to 3’). Each
PCR reaction volume was 100 pi and contained 0.5 pM of each primer, 200 pM of each
dNTP, 1.5 mM MgCfe, 0.5 pi Biolase DNA Polymerase (ISC Bioexpress, Kaysville,
Utah), and IX Biolase PCR buffer. After heating to 95°C for 2 min, PCR reaction
conditions were 35 cycles at 95°C for 30 s, 52°C for 30 s, and 72°C for 1 min. Reaction
products were separated electrophoretically on a 1% agarose gel, stained with ethidium
bromide, and visualized with a transilluminator. The primers described above were
designed to produce and amplify an 863 bp product from the cecropin B gene. The
presence o f such a band after PCR indicated the presence o f the cecropin B gene in the
sample tested
Hemolymph samples from oysters injected with saline only were assayed by PCR
for the presence o f the 28s rRNA, GFP and cecropin genes using the above primers and
conditions.
F l o w C y t o m e t r ic A n a l y sis

To prepare samples for flow cytometric analysis, 100 pi o f fresh hemo lymph were
suspended in 500 pi o f ice-cold modified Alsever’s solution (8.82 g/L Na3Citrate*2H20,
3.80 g/L EDTA-2H20, 20.72 g/L glucose, 5.00 g/L NaCl). This solution has been shown
to inhibit hemocyte dumping (Bachere et al 1988). Analysis was performed using a
FACSCalibur™ flow cytometer (Becton Dickenson, San Jose, CA) equipped with a 488nm argon laser, which excites rsGFP to emit green fluorescence. Hemocytes from
oysters successfully transfected with and expressing rsGFP would be expected to exhibit
brighter green fluorescence than control cells. Hemocytes from oysters injected with
cepB or saline would not be expected to exhibit green fluorescence brighter than
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background levels. The collection o f 10,000 events was attempted for each sample, with
the green fluorescence intensity for every cell measured. Data were analyzed with
CellQuest™ (Becton Dickinson, San Jose, CA) software. Fluorescence intensity for each
cell was reported as a channel number, with increasing brightness o f fluorescence
yielding increasing channel numbers. Because all cells have some background level o f
green fluorescence from cell constituents (autofluorescence), it was necessary to count
the number o f cells with green fluorescence intensities greater than background levels to
measure any differences among oysters. Thus, the percentage o f cells from each sample
with green fluorescence greater than an arbitrary value (channel 100 on a log scale) was
calculated as a measure o f rsGFP expression o f that sample. Samples expressing rsGFP
were expected to have a larger percentage o f cells with fluorescence intensities above
channel 100 (Fig 7-1). Cells with green fluorescence intensities in this region will be
referred to as positive cells. Channel 100 was chosen as a point for selection based on
observation o f histograms of all samples. The percentage o f cells with green fluorescent
intensity greater than 100 (positive cells) was recorded for each sample with at least
10,000 events collected. Samples with less than 10,000 events were discarded from
analysis. The values for each treatment (rsGFP, cecropin B, oyster saline) were averaged
and compared statistically for day 4 and day 10. For data analysis, samples transfected at
the different DNA to SuperFect™ ratios (1:2, 1:4,1:8) were pooled.
Data were analyzed statistically with the General Linear Models procedure (SAS
Inc., Cary, NC). A one-way analysis o f variance (ANOVA) was used to compare mean
values for the percentage o f positive cells for each treatment. To better approximate a
normal distribution, all data were arcsine transformed before ANOVA (Zar 1984). A
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Figure 7-1. Flow cytometry histograms generated from analysis o f 10,000 hemocytes
Panel A was from a sample taken form an eastern oyster injected with rsGFP complexed
with SuperFect™; panel B from a sample taken from an oyster injected with cepB
complexed with SuperFect™; and panel C from a sample taken from an oyster injected
with saline. Vertical line indicates threshold for cells considered positive for GFP. Cells
with fluorescence intensity greater than this line were considered positive.

162
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Duncan’s Multiple Range Test was used to separate sample means. A significance level
o f P < 0.05 was used in all statistical analyses.
A n a l y s is b y F l o u r e s c e n t M ic r o s c o p y

All hemolymph samples were examined with an inverted fluorescent microscope
(Zeiss Axiovert 25, Carl Zeiss Inc., Thomwood, NY) for expression o f rsGFP. As with
flow cytometry, hemocytes from oysters expressing rsGFP would be expected to
fluoresce green. Hemocytes from oysters injected with cepB or saline would not be
expected to exhibit green fluorescence brighter than background autofluorescence.
Between 50 and 100 pi o f each hemolymph sample was placed in 24-well tissue culture
plates (Falcon, Becton Dickinson, Franklin Lakes, NJ) for observation. Hemocytes in
samples were examined for green fluorescence at 100X or 200X with standard
fluorescein isothiocyanate (FITC) filters.
R e su l t s

PCR A n a l y s is
The presence o f rsGFP was detected in oyster hemocytes at day 4 and at day 10,
only in oysters injected with rsGFP (Fig. 7-2). At day 4,14 of 15 oysters injected with
rsGFP were positive for the presence of the oyster 28S rRNA gene after PCR (Table 71), indicating successful DNA extraction. O f those 14, all were positive for the presence
o f rsGFP. Presence or absence o f rsGFP was not related to the ratio ofDNA to
SuperFect™ delivered to the oysters. At day 10, all 15 oysters were positive for both the
28s rRNA gene and rsGFP (Table 7-2).
The presence of cepB was detected in oyster hemocytes at day 4 and day 10, and
only in oysters injected with cepB (Fig 7-3). At day 4, 12 o f 15 oysters injected with
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Figure 7-2. Agarose gel with representative results o f PCR o f D N A extracted
from eastern oyster hemocytes. Oysters 3 and 4 were injected with pS65T-Cl complexed
with SuperFect™. Oysters 38 and 39 were injected with saline. Lanes A and L were
loaded with a 100-base pair (bp) ladder D N A marker. Lanes B -E contained results from
PCR to detect the 28s gene (286 bp product) in oyster D N A . Lanes F-I co ntained results
from PCR to detect rsGFP (539 bp product). Lane 10 was loaded with.a negative control
(no D N A added to PCR reaction). Lane 11 was loaded with a positive control (plasmid
pS65T-Cl added to PCR reaction).
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Table 7-1. Results o f PCR 4 d after injection o f eastern oysters with
combinations o f genes and SuperFect™, or saline. Ratio indicates the ratio of DNA (pg)
to SuperFect™ (pi) injected per oyster. Genes injected were red-shifted green
ratio

number

positive for 28s
rRNA

positive for
GFP

positive for
cecropin

rsGFP

1:2

5

5

5

na

rsGFP

1:4

5

5

5

na

rsGFP

1:8

5

4

4

na

15

14

14

na

Treatm ent

total

-

cepB

1:2

5

5

na

4

cepB

1:4

5

3

na

4

cepB

1:8

5

4

na

4

-

15

12

na

12

0:0

15

13

0

0

total
saline only
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Figure 7-3. Agarose gel with results o f PCR with DNA extracted from eastern oyster
hemocytes. Oysters 22 and 23 were injected with pPC-6 complexed with SuperFect™.
Oysters 35 and 36 were injected with saline. Lanes A and L were loaded with a 100-base
pair (bp) ladder DNA marker. Lanes B-E contained results from PCR to detect the 28s
gene (276 bp product) in oyster DNA. Lanes F-I contained results from PCR to detect
cepB (863 bp product). Lane 10 was loaded with a negative control (no DNA added to
PCR reaction). Lane 11 was loaded with a positive control (plasmid pPC-6 added to PCR
reaction).
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Table 7-2. Results o f PCR 10 d after injection o f eastern oysters with combinations o f
genes and SuperFect™, or saline. Ratio indicates the ratio o f DNA (pg) to SuperFect™
(pi) injected per oyster. Genes injected were red-shifted green fluorescent protein
(rsGFP) and cecropin B (cepB).
_______________________________________
positive for 28s
positive for positive for
num ber
Treatm ent
ratio
rRNA
GFP
cecropin
PS65t-Cl

1:2

5

5

5

na

PS65t-Cl

1:4

5

5

5

na

PS65t-Cl

1:8

5

5

5

na

15

15

15

na

total

-

pPC-6

1:2

5

-5

na

5

pPC-6

1:4

5

5

na

5

pPC-6

1:8

5

4

na

4

-

15

14

na

14

0:0

15

11

0

0

total
saline only
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cepB were positive for the presence o f the oyster 28s rRNA gene after PCR (Table 7-1).
Twelve oysters o f this group were also positive for the cepB, however, two oyster
samples positive for the 28s rRNA gene were not positive for cepB, and two oyster
samples not positive for the 28s rRNA gene were positive for cepB (Table 1). Presence
or absence o f cepB was not related to the ratio o f DNA to SuperFect™ delivered to the
oysters. At day 10,14 o f the 15 oysters were positive for both the 28s rRNA gene and
cepB (Table 7-2).
For oysters injected with saline only, at day 4,12 o f the 15 oysters were positive
for the oyster 28s rRNA gene (Table 7-1). At day 10,11 of the 15 oysters were positive
for the oyster 28s rRNA gene. No control samples were positive for rsGFP or the cepB
gene (Figs. 7-2 and 7-3).
Extraction of amplifiable DNA was not successful from every sample (79 o f 90
possible for days 4 and 10). However, o f the 55 samples from oysters injected with DNA
for which DNA extraction was successful, 54 were positive for the presence o f a
transgene. Sampling at day 4 or day 10 had no effect on transgene detection.
F l o w C y t o m e t r ic A n a l y s is

At day 4, although the total percentage o f positive cells was low for all samples (<
5 %), analysis o f the three treatments revealed significant differences (P - 0.016) in green
fluorescence. The differences observed are illustrated in a flow cytometry histogram
(Fig. 7-1). Oysters injected with rsGFP had a significantly higher mean percentage o f
positive cells (1.05%) than those injected with the cepB (0.27%) or oyster saline (0.15%)
(Fig. 7-4). There was a high degree o f variability associated with green fluorescence in
the samples, and not all oysters in the rsGFP group exhibited levels o f green fluorescence
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Figure 7-4. Percentage (mean ± standard error) o f eastern oyster hemocytes detected
expressing green fluorescent protein (GFP) 4 d after injection of DNA. Fifteen oysters
each were injected with the GFP gene, cecropin B gene, or saline solution. All injected
DNA was complexed with SuperFect™. Ceil expression of GFP was identified with
flow cytometry. Bars sharing letters were not significantly different (P > 0.05).
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noticeably different from oysters in the cepB or saline-injected groups. However, no
cepB or saline-injected samples had greater than 1% positive cells. Four rsGFP-injected
samples had greater than 1% positive cells, with the highest observed value at 5.0%.
At day 10, although the mean number o f positive cells for rsGFP treatment was
three times greater than the number of positive cells in cepB or saline-injected treatments,
there was no statistical difference among the treatments (P = 0.2027) (Fig. 7-5). As with
the day 4 samples, there was large variability associated with green fluorescence in the
samples, and not all oysters in the rsGFP group exhibited levels of green fluorescence
noticeably different from oysters in the cepB or saline-injected groups. Again, no cepB
or saline-injected samples had greater than 1% positive cells. Four rsGFP-injected
samples had greater than 1% positive cells, with the highest observed at 6.9%.
A n a l y s is b y F l u o r e s c e n t M ic r o s c o p y

Detection of rsGFP was possible in oyster hemocytes at day 4 and day 10 (Fig. 76). At day 4, despite high background autofluorescence, two samples obviously
contained more bright green cells than all other samples upon observation with an
inverted fluorescent microscope. Correspondingly, these two oysters had the highest
percentage o f positive cells from flow cytometric analysis.
Cells expressing rsGFP were detected rarely in other rsGFP-injected samples, but none
were detected in cecropin B or saline-injected samples.
Results were similar at day 10, although only hemocytes from one oyster
were obviously brighter than all other samples with observation using an inverted
fluorescent microscope. Correspondingly, this oyster had the highest percentage o f green
fluorescent cells from flow cytometric analysis. Rare cells expressing rsGFP were
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Figure 7-5. Percentage (mean ± standard error) o f eastern oyster hemocytes detected
expressing green fluorescent protein (GFP) 10 d after injection o f DNA. Fifteen oysters
each were injected with the GFP gene, cecropin B gene, or saline solution. All injected
DNA was complexed with SuperFect™. Cell expression o f GFP was identified with
flow cytometry. Bars sharing letters were not significantly different (P > 0.05).
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Figure 7-6. Expression o f the gene for red-shifted green fluorescent protein (rsGFP) in eastern oyster hemocytes. These cells were
removed from oysters 4 d after injection of plasmid DNA containing rsGFP complexed with SuperFect™. Panels A and C,
brightfield micrographs; panels B and D, fluorescent micrographs. Hemocytes in panels A and B were taken from control oysters.
Hemocytes in panels C and D were from oysters trasnfected with rsGFP. Cells indicated by arrows were expressing rsGFP,
Hemocytes were removed from transfected and control oysters and photographed with a compound microscope at 400X.

detected in other rsGFP-injected samples, but none were detected in cecropin B or salineinjected samples.
D isc u ssio n

In most procedures, techniques for transfection involve gene delivery to gametes
or embryos. There are potential benefits to transfecting adult organisms. The ability to
efficiently transfect large numbers o f somatic cells in adults would provide researchers a
rapid and reproducible source o f animals with which to analyze the expression o f
transferred genes in vivo. Additionally, determination o f satisfactory gene expression in
adult organisms would not involve introduction o f DNA into gametes or embryos and
waiting for growth to adults. Concerns with containment and prevention o f the accidental
release o f larval or juvenile stages would be diminished. In organisms, such as oysters,
where early life stages are difficult to maintain in a closed artificial environment,
transfection o f adults could greatly facilitate research. Questions of promoter function,
gene expression, and gene effectiveness could be analyzed with less effort than
production of generations of stably expressing transgenic lines. Such techniques may
also be useful in the production o f transgenic progeny.
Results from PCR indicated the successful delivery o f rsGFP and cepB to oyster
hemocytes in most (> 90%) treated oysters. At this time, it is unknown whether genes
were delivered to other tissues as well. It is unlikely that extracellular DNA molecules
remaining in the oyster circulatory system resulted in positive PCR. All extracellular
DNA would be expected to be degraded after 4 or 10 d.
Detection of rsGFP expression is further evidence that gene transfer was
successful. The expression o f rsGFP was detected with flow cytometry and corroborated
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with fluorescent microscopy. However, even though the majority o f oysters were
positive for the presence o f the rsGFP with PCR, there were variable levels o f green
fluorescence in these hemocyte samples. Background autofluorescence was a problem as
well, and was probably related to the high variability o f hemolymph constituents,
hemocyte cell number, and ratios o f different hemocyte cell types that can occur in
oysters (Ford et aL 1994, Cheng 1996). In spite o f these problems, flow cytometric
analysis did detect cells with green fluorescence in samples injected with rsGFP as
brighter than background levels, although not all oysters injected with rsGFP exhibited
levels o f green fluorescence noticeably different from controls. Hemocytes obviously
expressing rsGFP were observed with fluorescent microscopy, although again some
samples were not noticeably different from controls. Detection o f cepB expression was
not attempted in this study. Cecropin B transfection served as a control for possible
effects o f the injection of DNA and SuperFect™ on background levels o f green
autofluorescence, and none were detected.
This variability in levels o f green fluorescence in rsGFP-injected oysters was
probably due to variability in levels o f rsGFP expression, with some cells expressing
rsGFP below detection lim its. Variability in gene expression after transfection is to be
expected. Large variability in GFP expression has been reported for zebrafish embryos
after injection o f fertilized eggs with DNA containing a GFP gene (Higashijima et al.
1995). In another study, only one third o f mice treated with DNA:liposome complexes
exhibited any transgene expression at all (Alexander and Akhurst 1995). In cell culture,
even when DNA was known to be successfully delivered to cells at constant amounts,
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levels o f gene expression varied greatly, especially among different cell types (Tseng et
a l 1997, Pollard et aL 1998).
In addition to variability in gene expression, the promoter used in this study
(pCMV) may have been expressed at low levels in oyster hemocytes. M am m alian viral
promoters have been shown to drive gene expression in a wide variety o f organisms,
including mammals, fish, insects, and molluscs. In bivalves, the Rous sarcoma virus long
terminal repeat functioned in dwarf surf clams, M ulinia lateralis (Lu et al. 1996). In the
Pacific oyster, C. gigas, CMV and SV40 promoters have been shown to drive gene
expression (Bouk) et a l 1996, Cadoret et aL 1997). However, in in vitro work with cells
from C. gigas, the CMV promoter was shown to be inefficient compared to the
Drosophila hsp70 promoter (Boulo et aL 1996). In C. gigas larvae transfected with
particle bombardment, the CMV promoter drove levels o f hiciferase production 4-fold
greater than background, while a Drosophila hsp70 promoter drove luciferase production
to 55-fold over background (Cadoret et aL 1997). It may be that the CMV promoter used
here was inefficient and a different promoter would produce higher, more easily detected,
levels of gene expression.
A final explanation for low levels o f gene expression was transfection efficiency.
Optimization o f techniques for gene delivery may yield increased levels o f gene
expression. Because of loss o f samples due to low cell concentrations, it was not possible
to meaningfully compare rsGFP expression associated with the various DNA to
SuperFect™ ratios statistically. Future work will address transfection efficiency.
Optimization of the amount o f DNA to inject per g of oyster, and the optimal DNA to
SuperFect™ ratio for transfection will be determined. Further, comparisons o f other

175
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

cationic methods for in vivo transfection, such as cationic lipids, for gene delivery remain
to be investigated.
From PCR, flow cytometry, and fluorescent microscopy, it is clear that gene
delivery and expression was successful in adult oysters. This work is the first record o f
gene transfer to an adult mollusc, and the first use o f an activated polyamindoamine
dendrimer (SuperFect™) to deliver genes to an adult o f any species. The techniques
presented in this study will be useful in rapidly screening various promoter and gene
combinations for usefulness in oyster transgenics, allowing progress toward the goal of
production o f disease-resistant oysters.
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C ha pter 8
Sum m ary

Included in this dissertation is the framework for a research program on the
genetic manipulation o f oysters, and many new techniques were developed through the
course o f this work. Improvements in primary cell culture and techniques associated with
transfection o f oyster cells were made. Techniques for holding and conditioning o f
broodstock oysters were developed, and techniques for gamete manipulation and oyster
larval culture in the laboratory were established. Finally, techniques for the successful
transfer o f genes, with transgene expression, to oyster gametes, embryos, and adults was
documented.
In vitro models can serve as a valuable tool to any gene transfer program.
Transfection o f cell culture would allow rapid examination of promoter function, gene
expression, and interactions o f gene products with cells. For bivalves, no true cell lines
exist, and there are relatively few reports on bivalve primary cell culture. Improvements
in techniques are needed, and progress made in this area was reported in Chapter 2. Poor
cell attachment and spreading have been reported as a problem in the culture o f bivalve
cells (Hetrick et aL 1981, Miahle et al. 1988, Chen et aL 1989). In an effort to address
this, seven substrates were tested for ability to improve cell attachment and spreading in
primary cultures o f oyster ventricle cells. This was the first quantitative examination of
attachment factors in bivalve cell culture. Using a tetrazolium salt assay (MTS assay) for
cell enumeration, significant differences in cell attachment and spreading were detected,
and poly-D-lysine was identified as a superior substrate, and this will be beneficial in
future work in oyster cell culture. With the techniques developed to quantitatively
compare substrates, it should be easy to screen new substrates for utility as well. Along
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with other work at LSU on techniques for tissue dissociation and medium optimization,
this research will lead to the definition o f an acceptable in vitro environment for the
transfection o f oyster cells.
Preliminary information for transfection of oyster cells was reported m Chapter 3.
Making further use o f the MTS assay for cell enumeration, several antibiotics were
screened for future use as selective agents for cells expressing an antibiotic resistance
gene. The antibiotic G418 was identified as the most useful o f the antibiotics tested, as it
was toxic to oyster cells and did not interact with the MTS assay. Cells in media with
fetal bovine serum (FBS) were more susceptible to G418. The first steps for transfection
of cells using activated polyamidoamine dendrimers (commercially available as
SuperFect™, Qiagen Inc., Valencia, CA) were established. Toxicity o f transfection
conditions to primary cells were documented, and transfection toxicity was reduced in
media supplemented with FBS. The interaction of various components for transfection
with the MTS assay was noted, demonstrating the need for appropriate controls when
using this assay. Although transgene expression was not documented, information useful
for cell transfection was presented. Techniques for transfection and selection of cells
were developed, and special concerns for working with the MTS assay reported.
Aside from cell culture, among the first steps in developing a research program
are the development o f techniques and skill in the husbandry o f the organism of interest.
Although much has been published on the husbandry of eastern oysters, modification o f
techniques to the laboratory environment was necessary. In order to avoid the accidental
release o f genetically modified organisms, all o f this research was conducted in a secure
facility located more than 100 km from coastal areas. Most oyster research is conducted

182
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

at facilities located near suitable habitat for oysters, allowing easy access to natural water,
natural food, and to oysters. The location o f our facility created several problems.
Distance from the coast forced a reliance on. artificial seawater. Because o f the expense
associated with artificial seawater, it was necessary to utilize recirculating aquaculture
technology and to recondition seawater for repeated usage. Because o f distance from the
coast, it was difficult to monitor oyster broodstock for gamete development. For these
reasons, techniques were developed for working with oysters in the laboratory. In
Chapter 4, the gonadal maturation of oysters in a recirculating system was reported.
Undeveloped oysters from winter conditions were brought into the laboratory and held
for 8 weeks with an increase in temperature from 15 to 25°C. At the end o f the study,
~75% of the oysters in the laboratory had mature gametes and were useful for the
production of larvae. However, oysters in the laboratory had lower levels o f gonad
development and were in worse physiological condition than field controls. This
difference was attributed to dietary deficiencies in the laboratory, an area for future
research. In chapter 5, techniques for holding mature broodstock for larvae production in
the laboratory were developed. For example, larvae production was enhanced by holding
broodstock in the laboratory for 5 d before extracting gametes. Techniques for efficient
and reliable production o f quality gametes and larvae in the laboratory environment were
also reported.
Finally, techniques for gene transfer were developed. Documented in Chapter 5,
transgenic oyster larvae were produced by electroporation o f oyster sperm.
Electroporation o f sperm did not affect larvae production. Successful gene insertion was
documented by DNA extraction from 2-3 d straight-hinge larvae, and positive
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polymerase chain reaction (PCR) for the red-shifted green fluorescent protein gene
(rsGFP). Control larvae were negative for the gene. Expression of rsGFP was observed
with fluorescent microscopy. Trochophore and straight-hinge larvae fluorescing bright
green were observed, although these larvae were rare (< 1 in 1000). No control larvae
were observed with similar fluorescence. The electroporation o f sperm to produce
transgenic larvae will eventually be useful in the production o f large numbers o f
transgenic oysters, and has obvious applications with recently developed techniques for
cryopreservation o f oyster sperm (Paniagua et al. 1999).
Genes were successfully transferred to oyster embryos. As reported in Chapter 6,
transgenic larvae were produced by electroporation o f 3-h old oyster embryos and the
treatment o f embryos with the activated polyamidoamine SuperFect™ (Qiagen Inc.,
Valencia, CA). The effect o f these treatments on larval production was examined. In
order to identify conditions for gene transfer, the effect o f transfection on larval survival
was measured. Electroporation reduced survival with increasing electrical pulse strength
and pulse duration. Treatment o f embryos with SuperFect™ and DNA did not affect
survival at any o f the concentrations tested. The antibiotic G418 was tested as a potential
selective agent for larvae transfected with an antibiotic resistance gene. Concentrations
of G418 for 0.25 to 0.5 mg/ml were found to reduce larval survival after exposure for 48
h. Two genes were transferred into oyster embryos, rsGFP and aminoglycoside
phosphotransferase II (neor). Survival o f transfected larvae was higher in the presence of
the antibiotic G418 compared to control larvae, indicating expression o f neor and
conferred resistance to G418. This was true for larvae produced by electroporation of
embryos with neor, or by exposure o f embryos to SuperFect™ and neor. This may
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eventually be useful in selection o f transgenic larvae. Larvae produced by transfection of
embryos were positive by PCR for the insertion o f rsGFP. Gene expression o f rsGFP
was documented by observation o f green fluorescence in transfected straight-hinge
larvae, although these larvae were rare (< 1 in 100). Green fluorescence was not
observed in control larvae. These techniques will be useful for the production o f large
numbers o f genetically modified oyster larvae.
Transgenic oyster adults were produced by the injection into the adductor muscle
sinus o f the rsGFP or the cecropin B gene (cepB) complexed with the activated
polyamidoamine SuperFect™. As described in Chapter 7, at 4 and 10 d after injection
more than 90% o f oysters were positive with PCR for the insertion of the genes rsGFP
and cepB. Cecropin B is a lytic peptide that may eventually be useful in increased
disease resistance in oysters, but expression of cepB was not attempted in this work.
However, gene expression was observed. Measured with flow cytometry, significantly
more green fluorescence from hemocytes was detected in transfected oysters compared to
control oysters, indicating expression o f rsGFP. Hemocytes expressing rsGFP were
observed with fluorescent microscopy as welL The ability to examine gene transfer, gene
expression, and gene function in adults without having to develop lines of transgenic
animals or go through larval and juvenile stages will be useful. This system has potential
for the rapid screening of various promoter and gene constructs for gene expression and
conferred disease resistance in vivo.
Future research on gene transfer in oysters will address the promoters used to
drive gene expression. Low levels o f gene expression were observed throughout this
dissertation. All o f the promoters used in this study were mammalian viral promoters,
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specifically the human cytomegalovirus promoter immediate early promoter (CMV) and
the simian virus 40 early promoter (SV40). These promoters have been shown to
function in cells from fruitflies, to fish, to a variety of mammals. They have been shown
to function in bivalves as well (Boulo et aL 1996, Cadoret et al. 1997), and were selected
for this research because they are able to function in a variety o f organisms. There is
evidence that they function at low levels in bivalve cells, however (Boulo et a l 1996,
Cadoret et al. 1997), and more efficient promoters may be available for use in
Crassostrea virginica. Drosophila promoters have performed well in mollusc cells
(Powers et al. 1995, Boulo et a l 1996), and a heat shock promoter with high levels o f
expression has recently been cloned from a mollusc, the gastropod Biomphalaria
glabrata (Yoshino et aL 1998). There is interest in identifying homologous promoters
from oysters as well. With the development o f protocols for gene transfer, research on
the identification of more suitable promoters can go forward.
More direct application o f techniques for gene transfer in oysters can go forward
as well. Research at LSU has identified proteins, known as lytic peptides, that are toxic
to Perkinsus marinas and Vibrio vulnifcus. Genes for the lytic peptide cecropin B and the
synthetic lytic peptide phor 21 have been cloned. These genes are currently utilized in
transgenic modification o f channel catfish for increased disease resistance. Delivery of
genes such as these may lead to the production of an oyster capable o f eliminating both
human and bivalve pathogens. In this dissertaion, transgenic oysters positive for the
presence o f the cecropin B gene were produced. Future work will involve the screening
of various promoters and genes for optimal levels of gene expression and increased
disease resistance.
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Once a program in oyster transgenic modification is fully developed, various
applications o f gene transfer in oysters may be pursued. For example, transgenics m ay
prove useful in increasing oyster growth rate and sterilization research. Growth rate of
several fish species has been increased with transgenic modification (Dunham and Devlin
1998), and gene transfer has been used to induce sterility in mice (Tanimoto et al. 1999).
Additionally, transgenics may be useful in research at a more basic level, such as
examing the function o f the oyster immune system and development o f an cell line.
The application of all genetically modified organisms, plant and anim al, should be
approached with caution. The accidental escape o f genetically modified organisms may
negatively impact natural ecosystems (Kapuscinsky and Hallerman 1991). With
increasing population growth, and world fish production at near m ax im u m levels, there is
an increased awareness o f the potential benefits of enhanced cultured fish and shellfish
production through genetic modification (Lakra and Das 1998). While the use of
transgenic fish may improve yields, acceptable levels o f risk need to be determined,
especially in developing countries (Dunham 1999). Before the commercial use of any
genetically modified organisms, data on environmental risk and food safety must be
developed. With these cautions in mind, oysters make a good candidate for the eventual
trial use o f a genetically modified organism. They are commercially important, and
problems in the industry exist that can be addressed with transgenic research
Significantly, the technology for hatchery production is in place (remote setting), and
commercial hatcheries that supplement bivalve fisheries are presently in existence.
Companion technologies to transgenic production are in development. For example, the
cold storage and cryopreservation o f oyster gametes and larvae has been successful
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(Paniagua et al. 1998a, Paniagua et al. 1998b). This technology would be useful when
coupled with hatchery production for genetically modified oysters. The ability to store
and transport cryopreserved gametes and embryos from transgenic oysters would be
important to development o f this technology. Furthermore, research on sterilization o f
oysters is currently underway. Sterile oysters are a more desirable product because
energy is not wasted in reproduction, resulting in better growth and higher meat yields.
Sterility of genetically modified oysters would prevent ecological damage through
contamination o f the genetic resources. Sterility would be important in marketing and
developing an industry for transgenic oysters as welL Sterile eastern oysters have been
produced through the induction of triploidy (Barber et aL 1992), although this does not
result in 100% sterility. In C. gigas, tetraploid oysters have been produced (Guo et aL
1994). Crossing tetraploid with diploid oysters results in 100% triploid (interploid)
oysters, which would theoretically be 100% sterile. Producing a line o f tetraploid
transgenic oysters is a strategy that may prove successful. Irradiation is another method
that is being investigated as a m eans to produce a sterile oyster. The availability of a
transgenic oyster capable o f e lim inating microbial contaminants would be a boon to the
oyster industry, however th is organism would have to be sterile for this strategy to be
ecologically and ecologically sound. With continued development o f gene transfer
technology in oysters, an improved oyster product may become available to the industry
(Fig 8-1).

188
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Laboratory
techniques

Transgenic
oysters

Research

Gene transfer
techniques ,

Sterilization

Cryopreservation

(^ ^ G e n e tic Improvemair^)

Hatchery technology

Remote
setting

Culture
methods

(^^Lndustry Improvement^^)

Improved production of oysters
Decreased disease risks
Strengthening of coastal communities

Figure 8-1. Application o f gene transfer in oysters will require parallel development of
technologies to protect broodstock and prevent unintentional release o f genetically
modified organisms. Genetic improvement can be integrated with existing hatchery
technologies to allow application within the oyster industry. Benefits would extend to
people who produce, process, and consume oysters. Benefits would extend to coastal
communities as well.
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A p p e n d ix A
U n a n a l y z e d Da t a

Unanalyzed data from this work were too extensive to place in this document.
This information has been organized in spreadsheets using Microsoft Excel* 1997, saved
onto CD-ROM, and is available stored in the back o f original copies of this dissertation.
Copies may be found in the Department o f Oceanography and Coastal Sciences library,
or in the possession of Dr. Charles Wilson, Dr. Terrence Tiersch, and Dr. Richard Cooper
at Louisiana State University. An electronic copy o f this dissertation has been included
on the CD-ROM as well.
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A ppe n d ix B
C o m p lia n c e w it h G u id e lin e s a n d P e r fo r m a n c e
S ta n d a r d s D is tr ib u t e d b y USDA A g r ic u lt u r e B io t e c h n o lo g y
R e s e a r c h A d v is o r y C o m m m tttee (ABRAC)

When working with transgenic animals, accidental release is not an option.
Therefore, an operational plan for facilities for transgenic research at the Louisiana State
University Aquaculture Research Station (ARS) was developed following guidelines
developed by the USDA and ABRAC. This operational plan is continually updated. The
ABRAC worksheet below addresses research on oysters only, but the operational plan
was written for the entire transgenic laboratory at the ARS. The information here was
adapted from work at the ARS by Mark C. Bates and presented in his dissertation
Production o f Transgenic Channel Catfish (1997). An ABRAC worksheet for channel
catfish can be found in that disseration.
R efer en c e

Bates, M. C. 1997. Production o f Transgenic Channel Catfish (dissertation). Baton
Rouge. LA: Louisiana State University. 157 pp. Available from Louisiana State
University library.
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ABRAC W o r k s h e e t A cco m p a n y in g P e r fo r m a n c e S ta n d a r d s f o r S a f e ly
C o n d u c tin g R e s e a r c h w it h G e n e t i c a l l y M o d ifie d F in fis h a n d S h e llf is h

These Performance Standards are voluntary guidelines intended to aid researchers
and institutions in assessing the genetic and ecological effects o f research activities
involving genetically modified fish, crustaceans, and molluscs, and in determining
appropriate procedures and safeguards so that the research can be conducted without
causing adverse impacts on the environment. This worksheet is designed to assist
researchers and reviewers in evaluating the project.

Name o f the Principal Investigators):
Answer Terrence R. Tiersch and Richard K. Cooper
Description o f the proposed project:
Answer: Production o f transgenic eastern oysters
List names, addresses, telephone numbers, and area of expertise of the experts you
contacted for substantial advice in assessing effects of a proposed experiment and in
designing adequate safety measures.
Answer: LSU A nim al Care and Use Committee
Dr. William J. Todd, Chairman
Professor, Department of Veterinary Science
Louisiana State University
Phone: (225) 388-5423

LSU Biosafety Committee
Dr. Richard Cooper, Chairman
Associate Professor,
Department o f Veterinary Science
Louisiana State University
Phone: (225) 388-5421
Email: vtgusk@lsuvax.sncc.lsu.edu
Please enter address information for contacting the researcher, as below.
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Dr. Terrence R. Tiersch
Aquaculture Research Station
Louisiana Agricultural Experiment Station,
Louisiana State University Agricultural Center,
Baton Rouge, Louisiana 70803
Phone: (504) 765-2842
Fax: (504) 765-2877
Email: ttiersch@agctr.lsu.edu
Date

Signature o f researcher
Dr. Richard K. Cooper
Department of Veterinary Science
Louisiana Agricultural Experiment Station,
Louisiana State University Agricultural Center,
Baton Rouge, Louisiana 70803
Phone: (504) 388-5421
Fax: (504) 388-4890
Email: rcooper@agctr.lsu.edu

Date

Signature o f researcher
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*----------------------------- PART 1.------------------------------*
Risk Assessment Documentation for Worksheet OYSTER2
(Section I)
Are the research organisms finfish, crustaceans, or molluscs?
Answer: Yes
(Section I)
Do the research organisms have a non-dioecious form of reproduction?
Answer: Yes
(Section I)
Non-dioecious organisms pose particularly high risks.
Consult the Assessment o f Non-dioecious Modes o f Reproduction to determine which
path to take next.
Determine if the GMOs should be considered "of high concern" as defined under the
section "Risk Management Guidance".

(Section I)

(Section I)
Should the GMOs be considered "of high concern" Le., self-fertilizing hermaphrodites or
true parthenogens?
Answer: Yes
**********

(Section I)
Is the GMO of high concern permanently sterile?
(Refer to Supporting text for this definition o f permanently sterile)
Answer: No
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(Section I)
Is the GMO a non-indigenous species?
Answer: No
**********

(Section I)
The Performance Standards suggest you consult with relevant state and federal agencies
concerning your research.
**********

(Section VI.B)
Conclusion - Insufficient Information
The Standards indicate there is not enough information to evaluate risk. The
precautionary approach used herein requires that in the absence o f information to
evaluate risk, the goal o f risk management must be no/negligible accidental escapees.

(Section VLB)
Risk Management of GMOs of High Concern
(self-fertilizing hermaphrodite or true parthenogen)
These GMOs are either NOT permanently sterile or evidence is lacking that they are
permanently sterile.

(Section VI)
Consult the Risk Management Recommendations on the following menu for information
concerning project siting and the design o f barriers.

(Section VI)
- Select sufficient barriers listed in Supporting text above to assure that accidental
escapees are fewer th an the acceptable number for your research project.
- Ensure that your project meets requirements for security, alarms, operational plan and
inspection, as explained in the text of the Recommendations.
Consult the Supporting Text now.
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*----------------------------- PART 2 .----------------------------- *
Risk Management Documentation for Worksheet OYSTER3
As part o f compliance with the Standards, the researcher must describe and provide the
rationale for risk management measures.
Questions on the major points explained in the Risk Management Recommendations
follow.
Researchers and reviewers should refer to the Library while answering the questions.
Risk management documentation should folly respond to these major points.

You were directed to Section VI.B Risk Management - Insufficient Information to assess
risks. What measures do you plan to adopt to effectively confine the proposed
experiment?
Attach a written description of the risk management measures you plan to implement. Be
certain to address the topics listed in the Risk Management Documentation section
below.
**********

Are you working with a non-indigenous species?
Answer: No
1. Explain how the siting and structures o f the project prevent accidental releases during
natural flooding or other natural disasters.
Answer: The project site is at risk for flooding. However, any flooding will be a
freshwater event. This would effectively destroy any oyster larvae. In addition, adults
are not motile and could not escape via locomotion.
**********

Project Siting
la. If project involves placement o f GMOs in uncovered outside tanks or
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ponds, is there the potential for sudden high winds to wash o rg an ism s
into a natural water body (accessible ecosystem) via water spray or
waves?
Answer No
* * * * * * * * * *

Design o f Barriers
The standards identify four types o f barriers: (1) physical or chemical; (2) mechanical;
(3) biological; and (4) scale o f experiment as a barrier.
2. Was the project site chosen because the surrounding accessible ecosystems are lethal
to all life stages o f the GMO?
Answer: Yes
a. Describe evidence that the accessible ecosystems are indeed lethal to the GMO.
b. Explain how the siting reduces the need for barriers on-site.
Answer: The organisms in this project are limited to eastern oysters, Crassostrea
virginica. Oysters require saltwater for survival and reproduction. This facility is located
at least 100 km from coastal ecosystems. The ecosystems surrounding this site are all
freshwater. The need for barriers is thus reduced. In addition, adults are not motile and
would not be expected to move toward coastal areas in the event o f an escape.
3. If the project's GMO could escape through the path (aquatic or non-aquatic) listed
below, describe the arrangement and types o f barriers to escape; a diagram o f the layout
o f barriers at the site may be useful. Ignore the listed path only if escape is clearly
precluded.
a. Influent/makeup water
Answer: Escape through influent water is not possible, as all water is fresh. In addition,
the physical barrier of no direct access to an accessible ecosystem exists.
**********

3. I f the project's GMO could escape through the path (aquatic or non-aquatic) listed
below, describe the arrangement and types o f barriers to escape; a diagram o f the layout
o f barriers at the site may be useful. Ignore the listed path only if escape is clearly
precluded.
b. Effluent and drawdown water
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Note: if discharge to sanitary sewer is used as one barrier against accidental escape of
GMOs in effluent, at least one additional barrier is necessary.
Answer: All water removed from tanks, filters, or other culture vessels is dosed with
chlorine before disposal. This is in addition to the physical barrier o f no direct access to a
suitable ecosystem.
**********

3. If the project's GMO could escape through the path (aquatic or non-aquatic) listed
below, describe the arrangement and types o f barriers to escape; a diagram of the layout
of barriers at the site may be useful Ignore the listed path only if escape is clearly
precluded.
c. Waste slurries
Answer: Waste slurries are dosed with chlorine before disposal. This is in addition to
the physical barrier o f no direct access to a suitable ecosystem.
**********

3. If the project's GMO could escape through the path (aquatic or non aquatic) listed
below, describe the arrangement and types o f barriers to escape; a diagram o f the layout
of barriers at the site may be useful Ignore the listed path only if escape is clearly
precluded.
d. Disposal o f Experimental Animals
Answer: All adult experimental anim als are disposed o f by sperating the organism from
its shell. The meat is then either frozen for later analysis, or disposed o f by incineration
at the LSU School o f Veterinary Medicine. Larvae are exposed to lethal levels of
chlorine bleach before disposal.

3. If the project's GMO could escape through the path (aquatic or non-aquatic) listed
below, describe the arrangement and types o f barriers to escape; a diagram o f the layout
of barriers at the site may be useful. Ignore the listed path only if escape is clearly
precluded.
e. Aerosols (applies only to shellfish with small larvae)
Answer: In order to prevent contamination between samples, work with larvae is
performed in beakers or culture tanks with lids. Aeration has been shown to be
unnecessary for larval culture, reducing aerosol formation.
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3. If the project’s GMO could escape through the path (aquatic or non-aquatic) listed
below, describe the arrangement and types o f barriers to escape; a diagram of the layout
of barriers at the site may be useful. Ignore the listed path only if escape is clearly
precluded.
£ Equipment cleaning and storage
Answer: All equipment that leaves the secure laboratory is rinsed with chlorine bleach to
prevent the inadvertent movement o f larvae to other parts o f the facility. In addition, all
equipment associated with larval culture is clearly marked and not to be used in any other
capacity.
4. Have you identified additional potential escape paths?
Answer: Yes
Briefly describe each potential path.
Answer: Because traffic routinely moves between this facility and coastal areas, it is
possible for inadvertent movement to occur, either by personnel or cryptically on
equipment.
6. Describe how the types and numbers o f barriers in series are sufficient to achieve the
"acceptable number o f accidental escapees" specified in the Risk Management portion o f
the Performance Standards.
Consult the Library above for Risk Management Recommendations.
Answer: The ecosytems surrounding the facility act as effective barriers to GMO
survival outside the laboratory. In addition, the scale o f the experiment is small, allowing
easier management and response to emergencies. Access to the laboratory is restricted to
authorized personel, and the removal o f equipment used in transgenic research is
prohibited. This includes equipment used in algal culture and feeding. All equipment
used is rinsed in chlorine bleach as a precaution. This should prevent the inadvertent
transfer of GMO's to coastal areas.
Special Concerns
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7. If biological barriers are used for a given escape path, does the path have at least one
other type o f barrier? (Because o f then variable efficacy, biological barriers cannot
comprise an entire set o f barriers.)
Answer: Yes
8. If scale is used as a barrier, are you certain the GMO is not a self- fertilizing
hermaphrodite or true parthenogen?
Answer: No
Security
9a. Describe the security measures implemented to:
Control normal movement of authorized personnel.
Answer:
1. Signs are posted restricting access to authorized personnel.
2. The laboratory is locked after normal working hours.
3. Electronic access to the facility is required after normal working hours.
4. Keys to the laboratory are restricted to principal investigators, their
graduate students and research associates, and janitorial staff.
5. The facility is located away from normal traffic areas.
**********

9b. Describe the security measures implemented to:
Prevent unauthorized access to the site.
Answer: The facility, the building, and the laboratory are locked after normal working
hours. Distribution o f keys is closely monitored. Distribution o f keys to the laboratory is
restricted to principal investigators, their research associates and graduate students, and
janitorial staff. Signs are posted prohibiting unauthorized access. Unauthorized
personnel are not permitted in the laboratory without authorized companions.

9c. Describe the security measures implemented to:
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Eliminate access for predators who could potentially carry an im als off-site (applies
only to outdoor projects).
Answer: No known natural predators apply to this site.
Alarms
10. Describe and justify the adequacy o f the entire set o f installed alarms. Be sure to
address the following:
a. Have you installed a water level alarm (required for all projects)?
Answer: No
Alarms
b. Do all installed alarms have backup power?
Answer: No
Alarms
Describe and justify the adequacy of the entire set o f installed alarms. Be sure to
address the following:
c. Describe the plan for notifying designated personnel.
Answer: An alarm system is not presently in use. We rely on human monitoring to
protect systems from low water or power outages.
**********

Operational Plan
11. Attach the written operational plan. A required component is:
a. Training.
Answer: All authorized personnel are briefed on the experiments underway in the
laboratory, and the need for a secure and safe laboratory environment.
Operational Plan
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11. Attach the written operational plan. A required component is:
b. Traffic Control.
Answer Access to the facility and laboratory is restricted after normal working hours.
The number o f keys distributed is monitored and carefully controlled.
**********

Operational Plan
11. Attach the written operational plan. A required component is:
c. Record Keeping.
Answer: Records are kept on the contents o f all tanks, as well as water quality and
feeding ration
**********

Operational Plan
11. Attach the written operational plan. A required component is:
d. Emergency Response Plan.
Answer: Project siting acts as an effective barrier in case o f natural disaster. In addition,
the scale o f experiments is small enough that a rapid response is possible in case of
emergency. In addition, numbers for laboratory personnel are posted in laboratories
throughout the facility.
Review and Inspection
12. Has your institutional biosafety committee, biosafety officer, or other appropriate
expert reviewed and approved the proposed project and its risk management measures?
Answer: Yes

Explain the status o f review o f your project.

Have you notified federal, state, and local agencies having jurisdiction
over any aspects o f your proposed project?
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Answer: Not applicable
Please list all required permits and authorizations and check the
appropriate line regarding status o f your application, as below:
Permit/Authorization
Answer:
LSU Animal Care and Use Committee
Permit/Authorization: approved
LSU Biosafety Committee
Permit/Authorization: approved.
**********
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Table 1. Classes, examples, and possible ecological effects o f phenotypic changes in
genetically modified fish, crustaceans, and molluscs. For projects involving GMOs
expressing one or more of these phenotypic changes,continue assessment (proceed to the
appropriate step in the Flowcharts) in order to reach a defensible decision about safety or
risk.
Class
Metabolism
Tolerance o f
Physical Factors
Behavior

Resource or
Substrate Use

Phenotypic Change
- Growth rate
- Food Utilization
-Temperature
- Salinity
-pH
-Pressure
- Reproduction
- Territoriality
- Migration
- Chemosensory
(including pheromones,
allelochemicals)
- Swimming/navigation
- Food utilization

Ecological Effect
- Shift to different prey size
- Alter nutrient and energy
flows
- Shift preferred habitats
- Alter geographic range
- Alter life history patterns
- Alter population dynamics
- Alter species interactions

- Release from ecological
limits

- Alter food webs
Population
Regulating
Factors
Reproduction

Morphology
Life History

- Reduced predation/
parasitism
- Habitat preference
-Mode
- Age at maturation
and duration
- Fecundity
- Sterility
and size
- Fin/appendage form
- Embryonic and
larval development
- Metamorphosis
- Life span

- Alter population and
community dynamics
- Release from
ecological limits
- Alter population and
community dynamics
- Interfere with reproduction
o f related organisms
- Alter species interactions
- Alter life history patterns
- Alter population and
community dynamics
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Table 2: Direct Access to Natural Ecosystems. Direct access is possible through natural
waterbodies and human-created physical pathways, including navigation c a n a ls and
interbasin water transfers (e.g., irrigation, municipal water supply, etc.). Examples of
susptected generic pathways involved in the unintemtional introduction o f nonindigenous
aquatic species follow.
Shipping
o Ballast water and sediments
o Anchor chains and chain lockers
o Sanitary water
o Hull surfaces
o Bilge water and sediments
o Propeller-shaft housing
o Trash/refuse/garbage___________________________________
Floating Oil/Gas Drilling Platforms
Recreational Boating
o Hull surfaces
o Waste sanitary water
o Bait wells
o Bilge water and sediments
o Motors
o Associated tools and equipment__________________________
Media (e.g., water, seaweed, soil, etc.), Containers and Equipment Used
to Transport Live Organisms
o Aquarium fish, plants, etc.
o Bait
o Aquaculture fish, shellfish, plants, etc.
o Fishery management (e.g., fish stocking)
o Research specimens
o Ornamental, other plants
o Pathogens in target animals______________________________
Fresh or Frozen Seafood Transport and Disposal
Human Created Water Connections
o Navigation canals (e.g., Erie and Welland Canals)
o Interbasin water transfers (e.g., for irrigation,
municipal/industrial water supply, etc.) (Meador 1992)
Natural Pathways
o Waterfowl and other water birds
o Hybrid backcrosses
End
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O p e r a t io n a l P la n
In t r o d u c t io n

All research associated with the production o f transgenic oysters took place at the
LSU Aquaculture Research Station (ARS). Research at the ARS has involved the
production o f transgenic channel catfish, Ictalurus punctatus, co m m on carp, Cyprinus
caprio, and oysters, Crassostrea virginica. This operational plan has been developed
with both transgenic finfishand shellfish in mind.
D e s c r ip t io n

The ARS is accessed by two entrance roads from a public road (Fig. B-l). Each
entrance road has an electronic security gate which requires a card with a magnetic strip
for access. One gate is open to public access during normal operating hours (6:45 AM to
4:00 PM; Monday through Friday). The gates are closed at all other times including
holidays. There is no other access to vehicles by any other route and the entire ARS is
enclosed within a fence. The Ben Hur Aquaculture Research Laboratory (Fig. B-2), a
1,860-m^ multi-disciplinary aquaculture research laboratory, located on the grounds of
the ARS houses the transgenic laboratory (Fig. B-3). Access to the laboratory is through
interior and exterior doors. Keys are issued only to authorized personnel. The transgenic
laboratory is a lOO-m^ indoor wet laboratory that houses eight independent closed
recirculating systems. System "A" was designed for maintenance of channel catfish fry
in separate treatment groups and includes five 40-L round tanks and a two-tiered shelf
system that can be fitted with either one hundred 2-L, or twenty four 20-L culture vessels.
Systems "B" and "C" were designed for holding fingerlings and each has three 1,000-L
round, fiberglass tanks. System "D" has two 1,000-L and two 400-L round, fiberglass
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Figure B-l. Aerial view of the Ben Hur Aquaculture Research Station (ARS) detailing electronic gates on each of the two access
roads, location of the Aquaculture Research Laboratory (ARL), and oxidation ponds.
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Figure B-3. Floor plan of the transgenic laboratory detailing layout of recirculating systems used to maintain
transgenic organisms and the floor drain system.

tanks. Systems "E" and T

were designed for holding larger fish and each has a single

2,500-Lround, fiberglass tank. System "G" was designed for work with shellfish and
includes five 400-L round, fiberglass culture tanks. System “G” also includes two
cartridge filters for removal o f particles (such as oyster larvae) to 1 fim in size, and a
chilling unit for control o f shellfish spawning (Fig. B-4). The system is designed to hold
juvenile (post-set) and adult oysters. System "H" was designed as a muhiple-use culture
system and includes a two-tiered rack with five 60-L glass aquaria on each tier. System
“I” was designed as a saltwater reconditioning system. This system consists of one 400L round, fiberglass tank and includes an ultraviolet (UV) filter for sterilization o f water
and three cartridge filters which remove particles down to 1 pm in size and treat the
water with activated carbon. Artificial seawater is added to this system for conditioning
before use. System “J” is a table system designed for larval culture and holding o f
broodstock oysters. This system consists o f a 150 L shallow tray on a table with a 300 L
sump under the table. The sump has wheels attached so that it can be rolled out for
maintenance. The system has two cartridge filters for removal of particles as small as I
pm, followed by an ultraviolet (UV) filter. All other systems were equipped with UV
filters placed after the biological filter for control o f pathogenic organisms. All systems
feature magnetically driven pumps (Model 5-MD-SC, 0.09-Kw, Little Giant Pump Co.
Inc., Tulsa, Oklahoma or Model MAG2, 1 hp Jacuzzi Pump, Aquatic Eco-Systems,
Apopka, FL), except for system "A" which uses a solid shaft centrifugal pump (Model
1P788, 0.37-Kw, Dayton Electric Manufacturing Co., Niles, Illinois). All systems except
system “I” and “J” are equipped with bead filter biofiltration. All culture tanks utilize a
center inner standpipe surrounded by an outer standpipe to force water up from the
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Figure B-4. Diagram o f sump, fiber, and culture tank layout for system “G” in the ARS
transgenic laboratory. The sump, culture tank, and outer standpipe are shown in crosssection. Other systems in the transgenic laboratory equipped with bead filters have a
similar layout.
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bottom o f the tank for self-cleaning. Inner standpipes are screened to exclude passage o f
the smallest organism in the tank. If a stand pipe is removed, the culture tank water level
will be maintained at the level o f the top o f the sump. Water that might overflow the
sump must pass through a screen placed in the lip of the sump tank before flowing out of
the overflow relief holes located opposite the pump (Fig. B-4). There are no direct
plumbing connections from any of the culture systems to the drainage system o f the
building. There are four floor drains in the transgenic laboratory. One has been covered
with a solid plate. The other three are plumbed to a septic tank located behind the
laboratory. From the septic tank plumbing leads through a grinding pump (Model
SGV301-754, Peabody Barnes, Inc. Mansfield, Ohio) and finally to oxidation ponds (Fig.
B-5). The SGV301-754 pump uses a two-stage cutting and grinding mechanism
constructed of440C stainless steel. The slurry produced by the pump is transferred to
oxidation pond #1 by a 5-cm diameter pipe. If the water level o f pond #1 exceeds the
level o f the standpipe, water flows into pond #2. When the water level exceeds the
standpipe height o f pond #2, water flows into pond #3. In the event o f a major flood,
water from pond #3 would drain into storm ditches. (Note: as o f the last update o f this
Operational Plan, October 1,1999, pond #3 has never exceeded the overflow level). The
oxidation ponds have been inspected and colonization by oysters has not been observed.
Oyster larvae are cultured statically on a stainless steel bench in plastic beakers
covered with alu m in u m . The water in these beakers is changed every two days. System
“I” is used to recondition this water. Larvae in beakers are filtered to remove larvae, and
the remaining water placed into the system. The larvae are re suspended in water from
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Figure B-5. Diagram detailing flow o f waste water (arrows) from the transgenic laboratory through the grinding pumps (pumping
station) and finally to the oxidation ponds.

the system in a clean plastic beaker. The beakers are cleaned in 5 % bleach, rinsed with
0.1 N sodium thiosulfate, and reused.
T r a in in g

All project personnel are trained in the operation and maintenance of all culture
systems, and in security procedures for the transgenic laboratory. Personnel responsible
for tank cleaning are trained to always have screens on tank standpipes to prevent escape
of fish from tanks. Backwash from biofilters is disposed o f by pouring over a gravel
substrate.
T r a f f ic C o n t r o l

Access to the transgenic laboratory is restricted to faculty, staff, and students
involved in the projects. Doors are locked when project personnel are not present. All
visitors are required to be accompanied by authorized personnel Equipment specifically
designated for use in the transgenic laboratory is not taken from the room for any other
use. Dead organisms are stored in -20° C freezers, located in the laboratory. Final
disposal o f fish is by incineration at the LSU School of Veterinary Medicine.
R e c o r d K e e p in g

For oysters, records maintained include: (1) contents o f all tanks or culture
vessels; (2) dates o f movement o f oysters or larvae to and from tanks or culture vessels;
(3) date, time, amount, and type o f food added to all tanks and culture vessels; (4) date
and values for various water quality parameters; (S) date o f addition o f fresh or salt water
to culture systems; (6) date of backflushing biofitlers; (7) date o f filter cleaning and
replacement. For fish, records maintained include: (1) numbers o f fish in each tank and
(2) movements o f experimental fish to new tanks. Fish are tagged (when large enough)
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with passive integrated transponder (PIT) tags. The tags register a unique nine-digit code
for each fish, allowing tracking and characterization o f individual status within a group.
All tanks are labeled with water proof tags.
M o v e m e n t t o S a f e S it e o r D e s t r u c t io n o f A n im a l s

Other than transport o f animals to the LSU School of Veterinary Medicine for
disease challenge experiments, it is our policy to not remove live transgenic o rganism s
from the transgenic laboratory. Therefore, in the event of an emergency or disaster
(hurricane, flood, etc.) organisms that cannot be contained will be killed with rotenone or
bleach.
S p e c ia l C o n c e r n s f o r O y s t e r R e s e a r c h

Ovster containm ent Oysters require saltwater for survival and reproduction.
This facility is located at least 100 km from coastal ecosystems. As the ecosystems
surrounding this site are all freshwater, the GMO’s have no direct access to suitable
environments. Thus, the ecosystems surrounding the facility act as effective barriers to
GMO survival outside the laboratory. In addition, adults are not motile and would not be
expected to move toward coastal areas in the event o f an escape. The project she is at
risk for flooding. However, any flooding will be a freshwater event. Escape through
influent water is not possible, as all water is fresh water. All organisms are maintained in
static or recirculating systems. Water drained from systems proceeds to a septic tank and
an oxidation pond. Small oysters or larvae would not survive these conditions. Waste
slurries are dosed with chlorine before disposal as a precaution. However, because traffic
routinely moves between this facility and coastal areas, h is possible for inadvertent
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movement to occur, either with personnel or on equipment, to suitable ecosystems.
Therefore, equipment cleaning and disposal o f organisms are areas o f concern.
Oyster E quip m e n t C le an in g and Storage. All equipment that comes into contact
with live GMO’s is considered at risk. This equipment is stored in the transgenic
laboratory, and all equipment that leaves the laboratory is rinsed with chlorine bleach
solution to prevent the movement o f GMO’s o ff or to other parts of the facility. In
addition, all equipment associated with larval culture is clearly marked and not to be
removed or used in any other capacity. This includes equipment used in feeding oysters
and algae culture.
Disposal o f Ovsters. All adult experimental animals are disposed o f by separating
the organism from its shell. The meat is then either frozen for later analysis, or disposed
o f by incineration. Larvae are exposed to lethal levels o f chlorine bleach before disposal.
Removal o f live organisms from the laboratory is prohibited.
Anticipated Problems. The primary concern for accidental escape of oyster
GMO’s is through non-direct pathways to suitable ecosystems. This would involve the
movement o f live GMO’s to coastal areas, primarily on equipment or through a mistake
by personnel. These possibilities are planned against as part o f the normal operations of
the laboratory. See above sections on training o f personnel, equipment cleaning and
storage, and disposal o f organisms.
E m ergency R espo n se Plan

Home phone numbers o f key laboratory personnel are posted throughout the ARL
in case of emergency. In the unlikely event that the laboratory is compromised, the
surrounding ecosystems are not suitable for oyster GMO survival. Water from the
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transgenic laboratory drams through a grinding pump to three oxidation ponds on the
grounds o f the LSU Aquaculture Research Station. In the highly unlikely event that fish
or shellfish eggs or larvae should survive the grinding pump and reach the oxidation
ponds, the ponds will be treated with rotenone.
R e s p o n s i b l e p a r t ie s

Co-principal investigators are:
Dr. Terrence R. Tiersch
Aquaculture Research Station
Louisiana Agricultural Experiment Station,
Louisiana State University Agricultural Center,
Baton Rouge, Louisiana 70803
Phone: (504) 765 2848
Fax: (504) 765-2877
Email: tteirsch@agctr.lsu.edu

Dr. Richard K. Cooper
Veterinary Science
Louisiana Agricultural Experiment Station,
Louisiana State University Agricultural Center,
Baton Rouge, Louisiana 70803
Phone: (504) 388-5421
Fax: (504) 388-4890
Email: rcooper@lsuvm.sncc.lsu.edu
Notification in case o f loss of confinement
LSU Animal Care and Use Committee
LSU Biosafety Committee
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A p p e n d ix C
G en es U sed fo r R esearch

Two plasmids were used for gene transfer in this dissertation, pS65T-Cl and
pPC-6. Plasmid pS65T-Cl (genbank accession number U36202) was purchased from
Clontech Laboratories (Palo Alto, CA) (Fig 1). Two genes o f interest are present on this
plasmid: red-shifted green fluorescent protein (rsGFP) and aminoglycoside
phosphotransferase II (neor).
Use o f the naturally fluorescent green fluorescent protein (GFP), orgmally
isolated from the jellyfish Aequorea victoria, as a reporter molecule is well characterized
(Chalfie et al. 1993, Higashijima et aL 1997), and the structural characteristics o f this
molecule have been documented (Inouye and Tsuji 1994, Cubbit et al. 1995, Ormo et al.
1996). The red-shifted GFP variant used here results from a mutation (replacement o f a
serine with a threonine in the chromophore region of the molecule) o f the wild-type GFP
gene (Heim et al. 1994). This mutation results in an excitation maxima o f490 nm, and
emission m a x im a at 510 nm, increasing usefulness of this molecule for detection of
fluorescence via fluorescent microscopy or flow cytometry. Additionally, this mutation
confers increased brightness, faster chromophore formation, and reduced photobleaching
compared to wild-type GFP (Cubitt et al. 1995). Because this protein does not require
any substrates, co-factors, or enzymes for fluorescence, it can be detected in living cells
in real time, m a k in g it a useful indicator o f successful transfection. Levels of expression
can be qu an titate d with flow cytometry (Lybarger et al. 1996, Subramanian and Srienc et
al. 1996) and fluorescence microscopy (Niswneder et a l 1995). In pS65T-Cl, rsGFP is
driven by a h u m a n cytomegalovirus immediate early promoter (CMV), and simian virus
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40 (SV40) polyadenylation signals after the gene sequence direct proper mRNA
processing (Fig. C -l).
The ability to select for cells expressing a transgene is a powerful technique. The
antibiotic G418, an aminoglycoside antibioitic that interferes with ribosome function and
blocks protein synthesis, has been shown to be toxic to a wide range o f eukaryotic cells
(Davies and Jimenz 1980). Isolated from Tn5, the prokaryotic neor confers resistance to
neomycin and related aminoglycoside antibiotics such as G418, and can be used
effectively for selection o f eukaryotic cells expressing neor in the presence o f G418
(Colbere-Garapin et aL 1981, Southern and Berg 1982). In pS65T-Cl, neor is driven by
the simian virus 40 (SV40) early promoter with polyadenylation signals from the Herpes
simplex thymidine kinase gene (Fig. C -l).
The plasmid pPC-6 was also used in this work. This plasmid contains the coding
sequence for cecropin B, a lytic peptide which may be useful in enhancing disease
resistance. Isolated from the silkworm moth, Hyalphoria cecropia, the gene is under
control o f the native acute phase response promoter (Fig C-2). This plasmid is described
in detail in Bates (1997).
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Figure C-l. Plasmid map for pS65T-Cl. Abbreviations: pUC19, bacterial origin o f
replication; CMV, human cytomegalovirus immediate early promoter; rsGFP, red-shifted
green fluorescent protein gene; MCS, multiple cloning site; simian virus 40 mRNA
polyadenylation signal; fl ori, fl single-strand DNA origin; SV40, simian virus 40 early
promoter; NeoR, aminoglycoside phosphotransferase II gene; HSV TK poly A, herpes
simplex virus thymidine kinase mRNA polyadenylation signal.
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Figure C-2. Plasmid map for pPC-6. Abbreviations: Amp, ampicillin resistance gene;
ColE 1, bacterial origin o f replication; Ptac, lactose inducible promoter; Ats, transposase
gene; IS 10 L and IS 10 R, insertions sequences for transposon; APR, cecropin acute
phase response promoter; cepcropin B, cecropin B gene.
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A p pe n d ix D
C o m po sitio n o f M e d iu m JL-ODRP-4A

Medium JL-ODRP-4 is a chemically defined medium developed for the cultivation o f
oyster cells in vitro. It was developed from a medium designed for the cultivation o f
Perkinsus marinus (La Peyre and Faisal, 1997), a parasite o f Crassotrea virginica.
Though proven to maintain oyster cells, this medium is still under development, and
further improvements are needed for the long-term propagation o f oyster cells. All
chemicals used in this medium were o f tissue-culture grade and from Sigma Chemical
Co. (St. Louis, MO) unless otherwise noted. A balanced salt solution was prepared by
dissolving 0.48 g/L CaC12-2H20, 1.09 g/L MgS04, 1.64 g/L MgCL2-6H20,0.23 g/L
KC1, 8.71 g/L NaCl, 0.35 g/L NaHC03,0.02 g/L Na2HP04 in tissue-culture grade water
to a final volume o f909 ml. This solution was filter sterilized (0.22 fim). The following
components were added under sterile conditions to produce 1 L of medium
1. 1 ml o f a solution containing 0.834 mg/ml o f ferrous sulfate and 0.143 mg/ml of zinc
sulfate
2. 1 ml o f a solution containing 0.249 mg/ml o f cupric sulfate
3. 10 ml o f minimal essential media (MEM) amino acids solution without glutamine
(Gibco BRL, Gaithersburg, MD)
4. 10 ml o f MEM non-essential amino acids solution (Gibco BRL)
5. 10 ml o f a solution containing 10 mg/ml o f alanine, 5 mg/ml o f glycine, 5 mg/ml o f
serine, 15 mg/ml o f taurine, and 5 mg/ml o f glutamine
6. 6 ml o f R PM I1640 Vitamin Solution
7. 10 ml o f a solution containing 50 mg/ml o f glucose, 10 mg/ml o f trehalose, and 10
mg/ml galactose
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8. 10 ml o f chemically defined lipid concentrate (Gibco BRL)
9. 2 ml o f a solution containing 0.S mg/L each o f adenosine 5'-monophosphate, cytidine
5 '-monophosphate, uridine 5'-triphosphate, and coenzyme A
10.10 ml o f a solution containing 0.5 mg/ml chloramphinicol
11. 10 ml of 100X selenium, pryuvate, insulin, transferin (SPIT) solution
12.1 ml of a solution containing 16 mg/ml soybean trypsin inhibitor
13.10 ml HEPES buffer.
R eferen ce

La Peyre, J. F. & M. Faisal. 1997. Development o f a protein-free chemically defined
culture medium for the propagation of the oyster pathogen Perkinsus marinus.
Parasite 4:67-73.
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A p p e n d ix E
S t a n d a r d O p e r a t in g P r o c e d u r e s

SOP-1. MTS Assay
D e s c r ip t io n

This assay gives an estimate of the number o f metabolically active cells in a well.
Mitochondrial enzymes act on the added substrates MTS and PMS to cause a color
change in the well. Assuming metabolic activity is the same in all wells, the greater the
absorbance at 490 nm, the greater the cell number in that well. If cell number is equal,
increases in cell activity can be detected. This protocol was written for oyster primary
cell cultures in 24-well plates with 500 pi of medium.
P rotocol

1. Thaw MTS and PMS solutions (about 30 min at room temperature) Solutions are
stored at -20°C and should be kept in the dark. Aliquots of each reagent should be
stored to avoid repeated freeze and thaw o f reagents.
2. Mix PMS and MTS immediately before use. A ratio o f 1 ml PMS to 50 pi MTS
should be maintained. For one 24-well plate, use 2.4 ml PMS and 120 pi MTS.
3. Add 100 pi of PMS/MTS to each well with 500 pi medium. Two wells with media
only should receive PMS/MTS to serve as blanks. For different volumes o f media,
use 20 pi PMS/MTS solution for each 100 pi media. This yields a final concentration
o f 25 pM PMS and 333 pg/pl MTS.
4. Allow plate with cells and reagent to incubate for 2 to 6 h. A noticeable color
difference (brownish) between blanks and wells with cells should appear.
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5. After gently rocking the 24-weII plate, take a 250-pl sample from each well and
dispense to a corresponding well on a 96-well plate. Avoid removing any cells with
the sample. Be sure to include samples from blanks.
6. Read absorbance at 490 nm with an ELISA plate reader. The assay becomes more
sensitive with time, so if differences are not noticed after the first sample, a longer
incubation time may detect differences.
7. Subtract average absorbance o f blanks from each reading and analyze data.
N otes

1. This assay can be performed in a variety of culture volumes as long as reagent ratios
and concentrations are maintained. If cells were cultured in a 96-well plate, reagent
could be added and absorbance taken non-invasively directly from that well.
2. If possible, serial dilutions o f cells should be assayed concurrently to give an idea of
cell number estimated by the assay.
3. MTS and PMS are available together as CellTiter 96® AQueous Non-radioactive Cell
Proliferation Assay (Promega, Madison, WI)
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S O P -2. P repa r a tio n o f P o ly -D -L y sin e -C o a ted T is su e C u ltu r e P la tes
D e s c r ip t io n

The use of attachment factors can increase the utility o f primary cultures of
adherent cells. This may lead to increased metabolic activity and gene expression. For
work with oyster primary cells, cell culture on substrate coated with poly-D-lysine is
recommended. Precoated plates may be purchased commercially (Falcon Biocoat™,
Becton Dickinson, Bedford, MA), but the following protocol has been shown to work
effectively for coating tissue-culture plates with poly-D-lysine in the laboratory.
P rotocol

1. Poly-D-lysine can be purchased suspended in sterile distilled water or in lyophilized
form from Sigma (S t Louis, MO) in a variety o f molecular weights. The purchase of
the lyophilized form is recommended as it can be stored longer. Store the
lyopholized product at < 0° C.
2. Add 5 ml of sterile (0.2-p.m filtered) tissue-culture-grade water (TCGW) to 50 mg
lyophilized poly-D-lysine to produce a final concentration o f 0.1 mg/ml. Aliquot into
2.5 ml volumes. Solubilized protein can be stored at 2 - 8°C for 6 months to 1 year.
Store at -20°C if not in constant use. Avoid repeated freezing and thawing of this
reagent.
3. Wet well o f tissue culture plate with sterile TCGW (just cover well bottom).
4. Coat well surface with 1.0 ml o f poly-D-lysine solution per 25 cm2 of well surface.
Rock gently for 5 min to ensure even coating o f the entire surface.
5. Remove poly-D-lysine solution by aspiration.
6. Wash well four times with sterile TCGW.
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7. Allow plate to dry for at least 2 h in a laminar flow hood at room temperature. Plates
can be dried overnight.
8. Plates not immediately used should be wrapped in foil and stored at 4°C. The plates
are good for 3 to 6 months.
N otes

1. For a 24-well plate, it is recommended to use 80 pi of poly-D-lysine solution per
well, however, using 100 pi allows for much easier coating o f the well with minimal
increased expense.
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SOP-3. P r e pa r a t io n o f P r im a r y V en t r ic l e C e l l C u l t u r e
D e s c r ip t io n

This protocol will provide a clean single cell suspension from oyster ventricle
tissue. Processing o f 10 oysters will usually yield about 107 cells.
S o l u t io n s

1. Sterile artificial seawater (SASW): commercially available sea salt (Hawaiian Marine
Mix, Hawaiian Marine Imports, Houston, TX) prepared with tissue-culture grade
water (TCGW) at 15 ppt and 0.2 pm filter sterilized.
2. Decontamination solution: 100 mg/L penicillin G, 100 mg/L streptomycin, 100 mg/L
gentamicin, 200 mg/L kanamycin, 100 mg/L neomycin, 100 mg/L polymyxin B, 200
mg/L erythromycin, and 2.8 mg/L amphotericin B dissolved in sterile artificial
seawater (SASW).
3. Cell rinsing solution: 15.00 g/L NaCl, 0.54 g/L KC1, 0.60 g/L NaHCC>3 , 0.50 g/L
glucose, 0.10 g/L galactose, 0.10 g/L trehalose prepared with TCWG and 0.2 pm
filter sterilized.
3. Dissociation solution: 0.635 g/L CaCl2*2H20, 1.46 g/L MgS0 4 , 2.18 g/L
MgCl2-6H20 , 0.310 g/L KC1,11.61 g/L NaCl, and 0.35 mg/L NaHCOa prepared with
TCGW and 0.2 pm filter sterilized, plus 1.0 mg/ml of the dissociation enzyme
Pronase (CalBiochem, La Jolla, CA).
P rotoco l

1. Maintain oysters at least 1 week without food in 1-pm filtered, ultraviolet light
sterilized artificial seawater. This allows for oyster depuration and reduces the
chance of bacterial contamination of cell cultures.
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2. Select oysters to be dissected. Ten to 20 oysters can be easily processed at one time.
Rinse the outside shell o f oysters with 75% ethanol.
3. Open oysters by inserting an oyster knife into the valve and twisting to sever the
hinge ligament. Insert a flat knife into the shell cavity and carefully cut the adductor
muscle. Discard the right valve. The body of the oyster should now be in the left
valve (on the half shell).
4. Rinse the oyster tissue with 0.2-fam filtered sterile artificial seawater (SASW).
5. Cut the pericardial membrane and pick up the heart with sterile forceps. The heart is
two-chambered. The ventricle is typically a light brown color, and the atria is a dark
reddish brown.
6. Cut out the ventricle with sterile scissors, and rinse thoroughly with SASW. Atria
and other tissues o f interest can be processed at this time as well.
7. Place each ventricle into a 15-ml sterile test tube with 10 ml o f SASW. Do not place
more than 15 ventricles in each test tube.
8. Under a lam inar flow hood and with sterile forceps, transfer the ventricles to a second
sterile test tube with 10 ml SASW. Cap and invert the tube ten times.
9. Remove SASW and resuspend ventricles in 10 ml fresh SASW. Cap the tube and
invert ten times.
10. Remove SASW and resupend ventricles in 10 ml o f decontamination solution. Cap
the tube and invert ten times. Incubate ventricles for 30 min.
11. Remove decontamination solution and resupend ventricles in 10 ml of fresh
decontam inatio n

solution. Cap the tube and invert ten times. Incubate ventricles for

30 min.
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12. Remove decontamination solution and resuspend ventricles in 10 ml SASW. Cap the
tube and invert ten times.
13. Remove SASW and resuspend ventricles in 10 ml fresh SASW. Cap the tube and
invert 10 times.
14. Transfer ventricles to a sterile glass Petri dish. Mince ventricles with a sterile razor
blade.
15. Add the minced tissue to a sterile beaker with a magnetic stirring bar. Rinse the Petri
dish with 10 ml o f dissociation solution (for 10 ventricles) and pour into beaker.
16. Stir contents o f beaker until tissues are fully dissociated (~ 1 h). Avoid creating
«c

bubbles in the solution while stirring.
17. Remove beaker from stirrer. Disperse cells by passing 3 times through a sterile 10-ml
pipette and place cells in a 15-ml test tube on ice.
18. Centrifuge 2 min at 50xg. Transfer the supernatant to a new sterile 15-ml test tube.
Discard pellet (contains undissociated tissue fragments).
19. Centrifuge supernatant at 200xg for 10 m. A cell pellet should be visible at the
bottom o f the tube. Discard supernatant leaving —100 fxl o f solution above pellet.
Resuspend cells by tapping the bottom o f the test tube and add 10 ml o f cell rinsing
solution.
20. Repeat step 20 three times.
21. Centrifuge cells at 200xg for 10 m and resuspend in cell culture media (typically JLODRP-4)
22. Determine cell concentration with hemacytometer counts. Cell viability can be
assessed simultaneously with trypan blue exclusion stain.
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23. Seed cells on tissue culture plates at required concentrations for experimental
manipulation.
N otes

1. All solutions should have an osmolahity o f475 mOsmol/kg, Oysters should be
depurated in artificial seawater with the salinity at 15 ppt (~ 475 mOsmol/kg).
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S O P -4. P ro d u ctio n o f O y s t e r L arvae
P rotoco l

1. Acquire oysters from the Louisiana coast. Typically, mature oysters can be obtained
from the Louisiana State University (LSU) Oyster Hatchery in Grande Isle, LA,
through John Supan at (504) 787-3131.
2. Transport oysters to the LSU Aquaculture Research Station. Oysters should be
transported covered with moist burlap and kept cool if possible. Oysters can be held
out o f water for as long as 48 h with little detrimental effect.
3. Rinse oyster shells o f mud and debris with fresh water and a scrub brush before
placing oysters in a recirculating system. The recirculating system should contain
artificial seawater (ASW) at 15 ppt (Hawaiian Marine Mix, Hawaiian Imports,
Houston, TX), an ultraviolet light, and a biofilter.
4. Water temperature should be maintained < 20°C to prevent oyster spawning in the
tanks. If water is chilled to 18-20°C, spawning is inhibited and oysters can be held
for at least one month with the gonads maintained in good condition. Gonad
development can occur under these conditions as well.
5. Feed oysters a live algae culture daily (Isochrysis galbcma or Chaetocerus calcitrans)
at 20,000 to 100,000 algae cells per ml.
6. Oysters should be held for at least 5 d to allow recovery from transport and
acclimation to laboratory osmolality. It is best to avoid feeding oysters for 24 h
before use.
7. Select oysters to open for larvae production. Usually 10 oysters are opened.
8. Rinse the shell o f all oysters to be opened with 75% ethanol.
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9. Open oysters by inserting an oyster knife into the valve and twisting to sever the
hinge ligament. Insert the knife Into the shell cavity and carefully cut the adductor
muscle, taking care not to disrupt the gonad. Discard the right valve. The body o f the
oyster should now be in the left valve (on the half shell). Visually inspect gonads and
keep mature oysters. Signs o f a mature oyster include a creamy colored gonad with
prominent genital canals.
10. Rinse oyster meat in shell with 75% ethanol followed by a rinse with filtered ASW.
Blot meat dry.
11. Using a capillary tube, take a small gonad sample and smear onto a glass slide.
Check for eggs or sperm at IOOX and separate the oysters by sex. Three ripe males
and three ripe females should provide enough gametes to produce more than 15
million embryos.
12. Score and gently disrupt the gonad surface with a scalpel blade. Gametes will be
released from the tissue and appear as a milky solution. Moisten a glass Pasteur
pipette and gently aspirate gametes from the gonad and into a clean, dry beaker.
13. Hydrate each gamete sample, eggs with 0.45-gm filtered ASW, and sperm with 0.45pm filtered calcium free Hanks* balanced salt solution (C-FHBSS). Visually check
all samples at 100X for gamete appearance. Estimate sperm motility and gamete
quality. Discard samples with poor quality gametes or evidence of simultaneous
hermaphroditism.
14. Pool all egg samples (samples can be maintained individually if desired). Pass
samples through a 70-pm screen and collect eggs on a 13-pm screen. Wash eggs on
the screen with ASW and collect in a clean beaker. Allow eggs to settle to bottom of

237
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

container for 15 min. Carefully remove 80% o f the water above the eggs. This water
will contain bacteria, debris, deformed eggs and eggs with damaged membranes.
Replace water with filtered ASW. Estimate egg concentration by counting 1 ml o f
each sample three times at 40X. A 1:1000 dilution o f eggs works well for counting.
If an inverted microscope is available, a fester method is to prepare dilutions, add to
wells o f a 24-well plate, and count.
15. Pool all sperm samples (samples can be maintained individually if desired). Pass
samples through 70-pm and 13-pm screens. Rinse screens with C-FHBSS into a
clean beaker.
16. Check sperm motility at 100X and estimate sperm concentration with hemacytometer
counts.
17. Place up to 10 million eggs in a 1-L beaker with ASW. Add sperm to a concentration
o f200 to 500 sperm per egg.
18. 30 min after sperm addition, check for signs o f fertilization. These include sperm
attached to the outside o f the eggs, germinal vesicle breakdown, polar body
exclusion, and cell division.
19. Dilute fertilized eggs to 25-100/ml and place in culture vessels.
20. Larvae do not need to be fed until 24 to 48 h after fertilization. Larvae should be
cultured in static cultures without aeration.
21. Water must be changed every 2 d (three times a week is okay) during larvae culture.
22. When changing water, collect larvae on a screen and concentrate into a smaller
volume. A good rule o f thumb to follow is to concentrate larvae into a volume that is
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5% of the culture volume. For example, larvae cultured in 10 L would be
concentrated into 500 mL
23. While larvae are concentrated, prepare a new container. This can involve cleaning
the original container or using a new container. All containers should be cleaned in a
5% bleach solution, rinsed in a 0.1 N sodium thiosulfate solution to neutralize the
bleach, and rinsed with distilled water.
24. While concentrated, larval size and number can be determined.
25. When a new container is prepared, the larvae are resuspended in new ASW at an
appropriate concentration. The old water is returned to the water reconditioning
system.
26. Larvae need to be fed 24 to 48 h after fertilization. Isochrysis galbana (T-iso) is best
for very young larvae and as a staple diet. Chaetocerus calcitram is useful as a
supplement (feed 1 to 2 times a week).
27. When feeding larvae, always filter the algae. Use a 13-pm nylon screen for /.
galbcma, and a 26-^m screen for C. calcitrans. Estimate algae concentration with a
hemacytometer after filtration.
28. When feeding larvae, avoid adding more algae than 5% of the total culture volume.
N otes

1. All solutions used in this protocol should have osmolalities o f-475 mOsmol/kg.
2. For counting and measuring larvae, an inverted microscope is useful. Larvae culture
subsamples can be placed in wells o f the plate and observed directly. The addition of
formalin to a final concentration o f 2.5% will kill larvae. This facilitates observation
o f morphology, counts, and measurements o f shell length.

239
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3. If an inverted microscope is unavailable, 1-ml plankton counting chambers can be
used with a compound microscope for larval observation.
4. To condition ASW, a recirculating system has been constructed in room 142A at the
Aquaculture Research Laboratory The system is equipped with a 10-pm activated
carbon filter, a 10- pm polypropylene filter, a 1-pm polypropylene filter, and a 40-W
ultraviolet light. All ASW used to culture larvae should be taken from this or a
similar system, as larval survival is much higher in sterile, filtered ASW treated with
activated carbon. Water used to culture larvae can be returned to this system,
reconditioned, and reused.
5. Larvae grow much slower in the laboratory than in the wild. With optimal growth
larvae should reach the eyed pediveliger stage in 11 d. However, larva growth is
much slower and unpredictable under laboratory conditions.
6. The greatest problem encountered is bacterial contamination of larval cultures. The
protocol described here was developed to m inim ize bacterial contamination. I f
bacteria contamination is noticed, an immediate water change is necessary.
G e n e r a l I n f o r m a t io n

Table E -l. Typical size o f larvae at distinct life stages.
Stage
Size (pm)
45
Gametes
45
embryos
45-80
Straight-hinge
80-150
Umbo
200-250
Pedilveliger
250-300
Eyed larvae
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Table E-2. Estimated nylon screen size to use for collecting larvae of eastern oysters.
Age (days)
Screen size (pm)
0-1
13
2-4
30
5-6
70
7-9
120
200
>10
*To collect competent larvae use a 250 pm screen
Table E-3. Estimated daily ration for healthy larval culture o f eastern oysters.
Age (days)
Feeding rate (algae cells/ml)
0 -3
30,000
4- 7
60,000
8-12
80,000
> 12
100,000
Table E-4. Typical maintenance schedule for larvae cultures o f eastern oysters produced
by artificial spawning. A water change may be necessary on day 2 if bacterial
contamination o f cultures is observed.
Activity
Day
0
Fertilize eggs, no feeding necessary
Feed with I. galbana
1
Change water, estimate larva concentration and size, feed with I. galbana
2
3
Feed with I. galbana
4
Change water, feed with C. calcitrans
Feed with I. galbana
5
Change water, estimate larva concentration and size, feed with I. galbana
6
Feed with I. galbana
7
Table E-5. Optimal concentration o f eastern oyster larvae in culture.
.
...
Optimal concentration
A«e <d>_____________ (larvae/ml)
1-3
35
4 -8
15
>9
5-10
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SOP-5. E x t r a c t io n o f DNA
D e s c r ip t io n

This protocol if for extraction o f DNA from pooled larvae samples (500-1000
larvae per sample) with the Qiagen QIAmp® Tissue Kit (Qiagen Inc, Valencia, CA). All
columns, and buffers ATL, AL, and AW are supplied with the Qiagne QIAmp Tissue
Kit.
P ro toco l

1. Store larvae frozen at —20°C or in liquid nitrogen.
2. If larvae were frozen in artificial sea water (ASW), centrifuge at 12,000 rpm for 5
min and remove supernatant. If larvae were frozen as a pellet, continue to step 3.
3. Add 180 pi buffer ATL.
4. Add 20 pi Proteinase K (Gibco BRL, Rockville, MD) solution (20 mg/ml in lOmM
Tris HC1 pH8.0). Mix with a vortex and incubate at 55°C for 1 h, mixing
occasionally. Incubation can proceed overnight
5. Add 180 pi o f buffer AL and incubate at 70°C for 10 min.
6. Add 210 pi ethanol (96 to 100%) and mix with a vortex.
7. Place a QIAmp spin column in a 2-ml collection tube and add solution from step 5 to
column (take care not to moisten rim o f column).
8. Close and spin at 12,000 rpm for 1 min.
9. Place column in new tube and discard filtrate.
10. Open QIAmp spin column and add 500 pi buffer AW. Centrifuge at 12,000 rpm for
1 min.
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11. Place the QIAmp spin column in a 2-ml tube and discard the tube c o n ta in in g the
filtrate.
12. Open QIAmp spin column and add 500 p i buffer AW. Centrifuge at 12,000 rpm for
3 min.
13. Place QIAmp spin column in a sterile 2-ml tube. Discard filtrate.
14. Preheat sterile distilled water (dHaO) to 70°C.
15. Add 50 pi o f preheated dfkO to column and incubate at 70°C for 5 min.
16. Spin at 12,000 rpm for 5 min, discard column, and store eluted material from column
in labeled tube at -20°C.
17. Before freezing, take 8 pi o f sample and DNA concentration and purity with a
spectrophotometer (GeneQuant RNA/DNA Calculator, Pharmacia Biotech,
Piscataway, NJ).
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SO P-6. N e u t r a l R e d Sta in in g o f O y s t e r L arvae
D e s c r ip t io n

Neutral red is a vital stain that is actively taken up by living cells. It is used in
vitro in cell culture to differentiate between viable and noi>viable cells. It is also used to
stain plankton samples and has been shown to stain bivalve larvae. In our laboratory,
neutral red has been used successfully for estimation o f larval mortality with the
following protocol This protocol was written for larvae m 10 ml o f artificial seawater
(ASW) per well of a 6-well plate.
S o l u t io n s

1. Neutral red solution: prepare 0.5 g/L in distilled water.
2. Acid solution: prepare equal parts 1 N acetic acid and 1 N sodium acetate.
3. Formalin: use unbuffered and full-strength
P rotocol

1. Add 200 pi of neutral red solution (final concentration = 10 mg/L) to each well.
2. Incubate 6 h at room temperature.
3. Add 0.5 ml 100% formalin (5% formalin final concentration)
4. Store plate for as long as 7d at 4°C
5. Before counting, add 100 pi o f acid solution and mix well.
6. Using an inverted microscope, count larvae in the well. Larvae stained red were alive
at fixation. Sometimes, tissue o f dead larvae can take up a small amount o f neutral
red. These larvae should be considered dead.
N otes

I. Neutral red staining for viability is effective on all larval stages and spat.
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2. Proportional volumes should be used for larvae in greater or smaller volumes. For
larvae stained in larger volumes (ie., 50-ml centrifuge tubes), after staining and
fixation, centrifuge sample for 10 min at 200xg. Remove most o f the supernatant and
transfer the remaining solution to a counting chamber.
3. Neutral red interferes with fluorescent microscopy and makes fluorescent
examination o f larvae impossible.
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SOP-7 F l u o r e s c e n t F e e d i n g A s s a y
D e s c r ip t io n

Chlorophyll fluoresces red when exposed to blue light. Because oyster larvae are
semi-transparent, larvae that have been feeding on algae will fluoresce red with exposure
to fluorescent light. Digested algae will appear as a reddish area in the gut o f the larvae.
Recently consumed algae may be visible as points o f bright red fluorescence. This assay
is easily performed and is useful as a general indicator o f the health o f larval cultures.
Larval feeding is an indicator o f future survival and normal development.
P ro toco l

1. Concentrate larvae.
2. Add foramlin to a 2.5% final concentration.
3. Observe larvae with a fluorescent microscope with standard fluorescein
isothiocyanate (FITC) filter sets. Verify that the filter sets and microscope are
functioning correctly by observing live algae. These algae should fluoresce bright
red.
4. Red fluorescence in larvae that have been feeding should be easily observable.
Larvae that have not been feeding will not have red fluorescence.
N otes

1. This assay can be performed using fluorescent inverted or compound microscopes.
For inverted microscopes, 24-well plates are useful for containing the larval samples.
Fluorescent larvae can then be observed directly in the welL For compound
microscopes, a small counting chamber (0.5 ml or less) can be used. Best results are
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obtained by placing larvae in a 25 pi drop on a microscope slide, covering with a 25
to 50 mm converslip, and observing larvae for red fluorescence.
2. This assay can be performed on larvae without fixation in formalin, however, actively
swimming larvae are difficult to observe. 3. If free algae cells are present in the larvae sample, these cells can settle onto larvae in
the sample after fixation. This can sometimes be misinterpreted as evidence o f larval
feeding.
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S O P -8. P o ly m er a se C h a in R e a c t io n
D e s c r ip t io n

The following provides a summary o f various PCR conditions necessary for each
gene template used in this study: red-shifted green fluorescent protein (rsGFP), oyster
28s rRNA, and cecropin B (cepB). All PCR samples were prepared in a bench-top cooler
which kept all samples at < 0°C, thus preventing false priming and interaction of DNA,
primers, and polymerase at less than optimal conditions. Mineral oil was not added
because the thermal cycler (PTC-100, MJ Research) was equipped with a heated lid that
minimized condensation in the reaction tube. Generally, PCR samples were prepared by
preparing a master mix o f all PCR ingredients except template, and aliquoting the
appropriate amount to each sample tube. Template was added and the tube removed
from the bench-top cooler and placed into a thermal cycler preheated to 95°C.
D e t e c t io n o f rsGFP

Table E-6. Sequence o f PCR primers used to amplify a 539 base pair product from
rsGFP. Primers were designed with PC/Gene Computer software (Intelligenetics,
Mountain View, CA) from the published sequence o f plasmid pS65T-Cl (Clontech
Laboratories Inc, Palo Alto, CA.).________
GFP5: GTC-AGT-GGA-GAG-GGT-GAA-GGT-GAT-GCA-AC
GFP6: GAA-AGG-GCA-GAT-TGT-GTG-GAC-AGG-TAA-TG _____
Table E-7. Ingredients for 100 pi PCR with GFP primers.
Concentration
Volume
Ingredient
variable
Template DNA
<0.5 pg
GFP5
10 pm
2 pi
GFP6
10 pm
2 pl
10 mM each dNTP
dNTP mix
2 pi
Vent DNA polymerase
0.75
pi
2 U/pl
Vent buffer
10X
10 pl
distilled water
NA
bring total volume to 100 pl
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Table E-8. Thermal cycle conditions for PCR with GFP primers.
Step►
Time
Temperature (°C)
2min
1
95
2
95
1 min
3
I min
63
4
1 min
72
5
NA
Repeat steps 2-4 30 times
6
4
indefinite

D

e t e c t io n o f

O y st e r 2 8 s

rRNA G e n e

Table E-9. Sequence o f PCR primers used to amplify a 286 base pair product from
oyster 28s ribosomal RNA gene. Primers were designed with PC/Gene Computer
software (Intelligenetics, Mountain View, CA) from the published gene sequence
(Littlewood 1 9 9 4 )
OYR1: GCT-AAA-TAC-TTC-CCG-AGT-CCG-ATA-GC
OYR2: GCA-CCT-TCC-TCC-AGC-TCT-TCT-GAC
Table E-10. Ingredients for 100 nl PCR with OYR primers.
Ingredient__________ Concentration________ Volume per reaction
Template DNA
variable
< 0.5 pg
OYR1
50 pM
lp l
OYR2
50 pM
lp l
50 mM
MgCfe
2 pl
100%
DMSO
lp l
dNTP mix
10 mM each dNTP
2 pl
Taq DNA polymerase
5 U/pl
0.5 pl
10X
Taq buffer
10 pl
NA
dH20
bring total volume to 100 pl
Table E -l 1. Thermal cycle conditions for PCR with OYR primers.
Time
Step
Temperature (°C)
2min
1
95
30 sec
2
95
30 sec
3
52
1 min
4
72
NA
5
Repeat steps 2-4 35 times
indefinite
6
4
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D e t e c t i o n o f C ep B

Table E-12. Sequence o f VEC primers used to amplify an 836 base pair product from the
cecropin B gene. Primers were designed with PC/Gene Computer software
(Intelligenetics, Mountain View, CA) from the published gene sequence (Hultmark et al.
1982)_____________________________________________________________
VEC1: AGA-CTT-GAC-TCC-GCT-GCA-TAA-GTG
VEC2: TAC-CGT-TTC-TGA-TGT-TGC-GAC-C
Table E-13. Ingredients for 100 pl PCR with VEC primers.
Ingredient
Concentration
Volume per reaction
Template DNA
< 0.5 pg
variable
VEC1
50 pM
lp l
VEC2
50 pM
lp l
M gCt
50 mM
3 pl
DMSO
100%
lp l
dNTP mix
10 mM each dNTP
2 pl
Biolase DNA polymerase
5 U/pi
0.5 pl
Biolase buffer
10X
10 pl
dH20
NA
bring total volume to 100 pl
Table E-14. Thermal cycle conditions for PCR with VEC primers.
Time
Step
Temperature (°C)
2min
1
95
2
95
30 sec
30 sec
3
52
1 min
4
74
5
Repeat steps 2-4 35 times
NA
indefinite
6
4
R fer en c es

Littlewood, D. T. J. 1994. Molecular phylogenetics o f cupped oysters based on partial
28S rRNA gene sequences. Molecular Phylogenetics and Evolution 3:221-229.
Hultmark, D., A. Engstrom, H. Bennich, R. Kapur, & H. G. Boman. 1982. Insect
immunity: isolation and structure o f cecropin D and four minor antibacterial
components from Cecropia pupae. European Journal o f Biochemistry 127:207-17.
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IMPROVED ATTACHMENT AND SPREADING IN PRIMARY CELL CULTURES OF THE
EASTERN OYSTER, CRASSOSTREA VIRGINICA
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(Received I ? February 1999; accepted 4 May 1999)

Summary

(\JnC O AT"*

At present, establishm ent o f a cell line from bivalve m olluscs has been unsuccessful, and in vitro work is lim ited to
primary c e ll cultures. We sought to improve attachm ent and spreading o f cells o f the eastern oyster. Crassostrea virginica,
to aid primary cultures and to assist developm ent o f a bivalve cell lin e. Our objectives were to exam ine the effects o f
substrate on ventricle c e ll viability, attachment, and spreading by testing o f collagen I. collagen IV, fibronectin, lam inin,
poly-D-lysine, and two types rfsiffi oalul tissu e culture plates (Falcon* and C om ing*). Experiments were conducted by
incubating c e lls with the various substrates for 2 4 h and S d. An assay with a tetraaolium compound (MTS) was used to
estimate c e ll numbers baaed on metabolic activity. Although differences in MTS assay values for substrate effect on cell
viability w ere detected at 2 4 h and at S d (P > 0.0 0 0 1), these were attributed to variations in m etabolic activity due to
different le v els o f attachm ent and spreading among treatm ents. Differences among treatments were detected in attachment
and spreading at 2 4 h and 5 d (for all, P > 0 .0 0 0 1 ). A t 2 4 h, poly-O-lysine induced the highest levels o f attachm ent and
spreading; no other factor performed better than the uncoated Falcon* substrate, and collagen I performed most poorly. At
5 d, poly-D -lysine and the uncoated Coming* substrate induced significantly higher levels o f attachment and spreading
than did th e uncoated Falcon* substrate, and collagen I performed most poorly. From these results, poly-D-Iysine best
promoted c e ll attachm ent and spreading. Fibronectin (at 2 4 h) and laminin (at 5 d) warrant further study. A long with
improvements in medium com position, future work should involve screening o f other attachment factors and com binations
of factors, inclu d ing those o f bivalve origin.

Key words: Crassostrea virginica ; attachment factors; MTS; bivalve cell culture.
In tro d u c tio n

Although techniques for primary c e ll culture o f bivalve tissu es
have been developed (Perkins and M enzel, 1964; Odinstava and
Khomenko, 1991), attem pts to produce a bivalve cell line have been
unsuccessful (Hetrick e t aL. 1961; E llis and Bishop. 1969). W ithin
the m ollusca. the only established c e ll lin e is horn the freshwater
sn ail. Biomphalaria glabrata (H ansen. 1976). The importance o f ce ll
lin es has long been recognized in in vitro studies (Freshney, 1994).
The development o f a b ivalve ce ll lin e would provide an invaluable
tool for research in areas such as pathobiology. cytogenetics, and
gene transfer.
Improving cell attachm ent and spreading in primary cell culture
would be of benefit in the eventual development of a bivalve cell
fine. C ell detachment and lysis have been noted as problems in the
long-term primary culture o f bivalve c e lls (Hetrick et a l.. 1961;
Miahle et aL. 1988: C hen e l a l.. 1989). Attachment and spreading
*are known to play important rules in cellular functions such as dif
T o whom correspondence should lie addressed at Aquaculture Research
Station. 2410 Ben Hur RihmL Louisiana State University. Baton Rouge. Loui
siana 70820. E-mail: ttierw.h@ugctr.Uu.eilu

ferentiation. migration, proliferation, and gene expression, as w ell as
in maintaining c e ll viability (Ben-Ze’ev et a l., I960; Guan and Chen,
1996). Several attachment factors have been isolated from bivalve
cells (Suzuki et aL. 1991; Panaia et a l., 1996), and som e studies
have addressed improved attachment in bivalve primary ce ll cultures
(Table 1). However; these studies did not quantitatively assay im
provement in ce ll attachment and spreading. In this study, we used
an objective method to quantify attachment and spreading.
The goal of this work was to improve attachment and spreading in
oyster primary c e ll culture. To this end, oyster ventricle cells were
tested with the attachment factors, collagen I, collagen IV, fibronectin. laminin, poly-D-lysine. and two types ofw^ncoated tissue culture
plates to investigate effects on cell viability, improvement o f cell
attachment, and improvement o f ce ll spreading. To our knowledge,
this is the first quantitative report on improvement o f attachment and
spreading in bivalve primary cell culture.

Matkkiai^

and

Methods

Cells iuuI cell culture. Eastern oysters were collected from coastal Louisiana
untl were helil at least a il in filleted artificial seu water (ASW) (Frits Super
Salt, Frits Imluslries Inc.. Dallas. TX) before use. The osmolality of all so
lutions, including ASRLand mediiupQwus measured with a vapor J
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CONDITIONING OF EASTERN OYSTERS IN A CLOSED, RECIRCULATING SYSTEM
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1Department o f Oceanography and Coastal
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Louisiana State University, Baton Rouge.
Louisiana 70803
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Louisiana Agricultural Experiment Station
Louisiana State University Agricultural Center
Baton Rouge, Louisiana 70820
3Office of Sea Grant Development
Louisiana State University, Baton Rouge,
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A B ST R A C T Techniques were developed for holding and conditioning o f eastern oysters. C rassostrea virginica (Gmelin). in a
recirculating system. Oysters collected in February from public oyster grounds off the coast o f I « i i m n a were maintained in a
recirculating system for 8 wks. For conditioning, water temperature in the system was gradually raised w ith a heat pump from 14°C,
and held at 25°C for 6 wits. Oysters were fed a diet o f algal paste (Isochrysis galbana for the first 6 w ks and Chaetocerus calcitrant
for the last 2 wks). Water quality, mortality, P erkinsus m arinus infection, gonad development, and physiologic condition (dry
tissue-to-dry shell fUio, dry tissue-to-wet tissue ratio, digestive diverticula tubule ratio) were monitored. A t weeks 7 and 8. the
laboratory-held oysters were compared with field controls held at Grand Isle. Louisiana. Water quality in the system remained within
target ranges. Mortality was low (18 o f 300 oysters stocked) and not associated with P. m arinus infection. In the laboratory at week
I. the gonads o f all oysters sampled were classified as immature o r in early development. By week 5. the gonads o f 73% o f oysters
sampled were classified as mature. Physiologic condition decreased in the laboratory. Field controls reached a higher mean gametic
stage and were in better physiologic condition at the end o f the 8-w k study. These differences were attributed to differences in nutrition
available between the field and laboratory. This study demonstrated that conditioning o f Crassostrea virginica is possible in a dosed,
recirculating system, although improvements in nutrition would be usefiiL
K E Y W O RDS:

Crassostrea virginica, conditioning, gametogenesis. histology, aquaculture, recirculation

INTRODUCTION

The eastern oyster, Crassostrea virginica (Gmelin 1791). sup
ports a valuable commercial fishery. The annual harvest value is
measured in millions of dollars in the United States (MacKenzie
1996). However, the industry has been plagued with multiple prob
lems in recent years, resulting in decreased oyster production
(MacKenzie 1996, Andrews 1991) and creating a need for research
in oyster genetics.
This has made necessary the development and improvement of
culture techniques, including design of recirculating systems for
holding and conditioning of broodstock. Typically, work is limited
to the natural spawning period (April to October), and even then
oysters require repeated monitoring for gonadal maturation. Ad
ditionally, research away from the coast requires continual moni
toring and transport of oysters for use in the laboratory. Further
problems include the costs and labor associated with obtaining
suitable water sources. Thus, development of a recirculating sys
tem for holding and ripening of oysters in the laboratory would
extend the oyster spawning season and expand research opportu
nities. In addition, such systems would allow containment of ge
netically modified organisms, including those produced by gene
transfer (Kapuscinski and Hallerman 1991). The ability to condi
tion oysters in an artificial system is a first step toward contain
ment of the complete life cycle in the laboratory.
The reproductive ecology of C. virginica is well described
(Shumway 1996. Thompson et al. 1996). The primary cue for
gamete development seems to be temperature, and research has
addressed the effects o f temperature on gametogenesis (Price and

Maurer 1971. Loosanoff and Davis 19S3). Gametogenesis and
spawning begin with increasing temperatures in the spring and
summer, and the existence o f oysters acclimatized to local
environments, with specific temperature requirements in reproduc
tion, have been reported (Loosanoff 1969). Oysters are routinely
conditioned through temperature manipulation in research hatch
eries using natural seawater and foods (Dupuy et al. 1977). Labo
ratory studies on temperature and gametogenesis have utilized
natural seawater for water exchange in holding systems (Robinson
1992, Price and Maurer 1971). Some research has been conducted
on the maintenance of oysters in a laboratory environment. Tol
erance levels of oysters to various water quality conditions have
been reported (Epifanio and Sm a 197S. Epifanio et al. 1975), as
have guidelines for feeding regimes and rations (Epifanio and
Ewart 1977). Several studies have also addressed design and main
tenance of recirculating systems (MacMillian et al. 1994. Thiekler
1981).
The goal of this project was to develop techniques for holding
and conditioning of C. virginica in a recirculating system. To our
knowledge, this is the first study on the conditioning of oysters in
such a system. Oysters collected during winter in Louisiana coastal
waters were brought into the laboratory, and conditioning was
attempted over an 8-wk period by incremental raising of tem
perature from 14°C to 25°C. Laboratory-held oysters were com
pared with oysters from natural waters before and after the holding
period. Our objectives during the study were to monitor (1) water
quality. (2) mortality and disease. (3) changes in gonad condition,
and (4) changes in physiological condition.
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